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SUMMARY 


The  Design  Criteria  and  Guidance  is  presented  in  the  form  of  a hand- 
book which  describes  the  electrochemical  accelerated  compatibility  test 
method  (EAC).  In  addition  the  results  of  a series  of  tests  are  given 
which  serve  as  a guide  for  material  selection  and  methods  for  cleaning  and 
passivation  of  materials  which  come  into  contact  wit1'  hydrazine. 

The  present  report  gives  a step-by-step  procedure  for  the  determination 
of  the  equilibrium  decomposition  current  (i  ).  This  current  can  be 
translated  into  units  of  mass  of  hydrazine  decomposed  per  unit  surface 
area  per  unit  time.  The  optimum  operating  parameters  which  yield  the 
most  accurate  values  for  i0  were  determined  through  a series  of  systematic 
experiments.  These  parameters  include  voltage  scan  rate  and  voltage  span. 
The  theory  of  the  method  is  discussed  in  terms  of  electron  transfer 
rate  control  across  the  metal -solution  interface.  This  type  of  rate  con- 
trol yields  a straight  line  relationship  between  the  log  of  the  current 
and  the  applied  potential.  The  straight  line  portion  of  the  plot  is  then 
extrapolated  to  zero  overpotential  to  yield  the  equilibrium  current. 

The  translation  of  this  current  to  the  quantitative  units  mentioned 
above  is  based  on  an  understanding  of  the  mechanism  of  the  decomposition 
reaction.  In  the  case  of  hydrazine  the  mechanism  is  known  and 
involves  a four  electron  transfer  for  each  mole  of  hydrazine  decomposed. 

This  information  can  then  be  used  in  conjunction  with  Faraday's  Law  to 
translate  currer-t  to  quantitative  mass  units. 

The  tests  are  accelerated  by  means  of  electrolysis  at  a current 
level  which  is  some  multiple  of  i0.  The  ratio  of  the  electrolysis 
current  to  i is  the  acceleration  factor.  In  order  to  obtain  accurate 
results  it  is  necessary  to  carefully  control  the  electrolysis  current 
and  to  allow  a sufficient  relaxation  time  after  electrolysis  prior  to 
the  redetermination  of  iQ.  If  the  instructions  in  this  report  are  carried 
out,  it  is  possible  to  obtain  data  up  to  ten  years  accelerated  time  in 
a period  of  three  to  four  weeks.  This  data  has  been  found  to  compare 
favorably  to  real-time  results  up  to  four  years.  The  comparison  data  is 
presented  in  this  report. 

In  addition  to  the  test  procedure  the  type  of  equipment  necessary  to 
perform  the  tests  is  also  described.  This  equipment  consists  of  a 
potentiostat  used  to  control  the  potential  between  a reference  (glass) 
electrode  and  the  test  piece  and  to  supply  a current  necessary  to  maintain 
this  potential  difference.  This  current  is  converted  to  log  form  and  the 
log  i versus  a potential  difference  is  automatically  plotted.  The  change 
in  the  potential  difference  is  programmed  by  means  of  a motor  driven 
device  which  changes  the  potential  between  the  reference  electrode  and  test 
piece  at  a prescribed  rate  over  a set  voltage  range. 
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The  results  of  a series  of  128  tests  are  presented  in  which  the 
relative  effects  of  temperature  (50,  80,  no,  and  150°F)  time  (0.5,  1.0, 

4.0  and  10.0  years)  metal  pretreatment  and  impurities  (Cl,  H2O,  COo  and  Zn) 
are  independently  evaluated.  Dissolved  metals  were  also  determined  and 
were  calculated  in  terms  of  the  fraction  of  the  total  coulombs  (ampere- 
seconds)  used  for  electrolysis  that  resulted  in  metal  dissolution.  In 
this  manner  the  relative  contribution  of  hydrazine  decomposition  versus 
metal  dissolution  to  i0  can  be  determined.  In  most  cases,  the  metal 
dissolution  contribution  was  less  than  one  percent  with  the  exception 
of  the  two  aluminum  alloys  tested  (AA11D0  and  AAFOfil-TF).  The  metal 
dissolution  for  these  alloys  was  as  high  as  thirty  percent  in  some  cases. 

The  remainder  of  the  alloys  tested  (AM355,  17-7PH,  43D  SS,  316L  SS, 

304L  SS  and  Ti6A14V)  indicated  much  higher  hydrazine  decomposition 
rates  than  the  aluminum  alloys  in  spite  of  the  lower  metal  dissolution. 

Of  all  the  metals  tested  304L  SS  and  T i 6A1 4V  were  the  best  in  terms 
of  both  metal  dissolution  and  hydrazine  decomposition.  The  hydrazine 
decomposition  rates  are  relatively  low  and  metal  dissolution  is  minimized. 

304L  SS  is  self-passivating,  but  Ti6A14V  requires  a special  passivating 
technique  for  use  in  hydrazine.  It  was  also  found  that  a special 
passivation  technique  for  AA1100  prevented  pitting  corrosion  of  this  alloy, 
but  not  for  AA606.-T6.  However,  the  latter  alloy  exhibits  the  lowest  and 
most  consistant  hydrazine  decomposition  rates  of  all  the  alloys  tested 
in  spite  of  its  susceptibility  to  pitting  corrosion. 

It  is  apparent  that  further  work  should  be  done  in  the  area  of 
surface  layers  (passivation)  and  pitting  corrosion  since  there  is  no 
metal  which  does  not  have  a compatibility  problem  of  one  type  or  another. 

The  study  reported  herein  has  pinpointed  metals  that  are  the  best  when 
the  parameters,  passivation,  pitting  and  hydrazine  decomposition  are  considered 
But  no  single  metal  has  outstanding  characteristics  in  all  three  areas 
of  compatibility. 
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SECTION.  I 
INTRODUCTION 


This  handbook  is  a result  of  an  experimental  program-,  the  objective- 
of  which  was  to  determine  the  long-term  compatibility  of  hydrazine  and  selected 
materials  of  construction  by  means  of  an  electrochemical  test  method.. 

The  electrochemical  test  method  is  based  on  the  fact  tha.fc  the>  reaction 
of  an  electrolyte  (hydrazine)  on  a metal  surface  can  be  described  in  terms 
of  electron  transfer.  The  rate  of  this  electron  transfer  is  measured  in 
the  form  of  an  equilibrium  current  as  a function  of  an  applied  potential. 

The  mathematics  are  such  that  a log  current-applied  voltage  curve  is  a 
straight  line.  When  this  line  is  extrapolated  to  zero  applied  potential 
the  resulting  current  is  the  reaction  rate  under  equilibrium  conditions. 

If  the  mechanism  of  the  reaction  on  the  surface  is  known  (i.e.,  hydrazine 
decomposition)  this  rate  can  be  translated  into  quantitative  terms  such  as 
mass  of  hydrazine  decomposed  per  unit  surface  area  per  unit  time. 

Once  the  reaction  rate  is  determined,  the  time  scale  for  the  tests  can 
be  condensed  by  passing  a known  current  (electrolysis)  through  the 
electrode  (metal)  - electrolyte  (hydrazine)  interface.  The  ratio  of 
this  current  and  the  equilibrium  current  is  the  acceleration  factor.  After 
the  electrolysis  has  been  completed,  the  process  is  repeated  and  the  result 
is  a decomposition  rate-accelerated  time  profile  of  the  metal  - hydrazine 
couple. 

The  test  procedure  was  used  to  determine  the  effect  of  metal, 
temperature,  accelerated  time,  metal  pretreatments  and  hydrazine 
impurities  for  eight  metals  using  a Greaco-Latin  Cube  statistical  procedure. 

The  use  of  this  procedure  made  it  possible  to  determine  the  individual 
contributions  of  these  parameters  to  the  hydrazine  decomposition  rate  while 
minimizing  the  number  of  experiments  performed. 

In  addition,  analysis  of  the  metal  impurities  in  solution  at  the  end 
of  each  test  can  be  evaluated  in  terms  of  the  amount  of  electricity  used 
during  the  acceleration  of  the  test  (i.e.,  coulombs  or  ampere-seconds). 

Using  Faraday's  law  the  amount  of  metal  that  should  have  been  dissolved 
during  the  entire  test  period  (assuming  that  all  the  current  was  involved 
in  metal  dissolution)  can  be  compared  to  the  actual  dissolved  metal 
concentrations.  The  ratio  of  these  two  values  is  the  fraction  of  the  total 
current  involved  in  metal  dissolution.  (The  remainder  being  due  to  hydrazine 
decomposition. ) 
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This  handbook  summarizes  the  results  of  the  compatibility  program  in 
terms  of  the  parameters  outlined  above.  Also  included  is  a complete 
description  of  the  experimental  procedure  as  well  as  the  equipment 
required.  The  data  is  compared  to  real  time  results  where  possible. 
Recommendations  are  made  for  cleaning  and  passivation  techniques 
for  the  alloys  tested. 
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SECTION  II 

ELECTROCHEMICAL  ACCELERATED  COMPATIBILITY  TEST  METHOD 


The  electrochemical  test  method  is  based  on  the  fact  that  reactions 
taking  place  on  a metal  surface  in  contact  with  an  electrolyte  (in  this 
case  the  propellant)  can  be  described  in  terms  of  electron  transfer  across 
the  metal -electrolyte  interface.  The  following  paragraphs  describe  the 
theory  of  the  method  as  well  as  the  equipment  required  to  perform  the 
experiments  and  the  test  conditions  to  be  used  to  obtain  reliable  results. 

The  test  procedure  is  outlined  in  detail. 

1.  Electrochemical  Theory 

The  electrochemical  test  method  has  several  advantages  over  other 
test  methods  when  applied  to  the  measurement  of  propellant  decomposition 
and  metal  dissolution  in  the  presence  of  a propellant.  Both  these  processes 
can  be  described  in  terms  of  an  oxidation-reduction  mechanism  which 
implies  that  some  sort  of  electron  transfer  is  taking  place  at  the 
metal -propellant  interface.  The  rate  of  this  electron  transfer  is  a 
measure  of  propellant  decomposition  and  metal  dissolution  rates  and 
is  directly  proportional  to  current  (i.e.,  electron)  flow.  It  has  been 
determined  that  the  anodic  process  is  controlled  by  electron  transfer  while 
the  cathodic  process  is  diffusion  controlled.  This  natural  local  current 
flow  can  be  changed  by  altering  the  potential  energy  barrier  at  the  metal - 
propellant  interface  using  an  externally  applied  potential.  The 
mechanism  of  the  reaction  is  not  changed  since  the  entire  process  can  be 
accelerated  at  constant  temperature.  The  rates  are  specific  for  those 
taking  place  at  the  metal  surface  and  need  not  be  corrected  for  decomposition 
on  the  container  walls  (glass)  as  is  the  case  when  gas  evolution  methods 
are  used. 

The  electrochemical  testing  method  is  based  on  the  fact  that  any 
decomposition  process  on  a metal  surface  is  really  the  sum  of  two  electro- 
chemical processes  proceeding  at  the  same  rate  at  the  same  time.  The 
theoretical  basis  of  the  method  in  terms  of  both  local  current  flow  and  the 
control  of  the  flow  by  an  externally  applied  potential  is  described  in  the 
following  paragraphs  for  the  particular  case  of  hydrazine  decomposition. 

The  overall  process  for  the  decomposition  of  hydrazine  can  be 
expressed  as: 

3 N2H4  4 (1-x)  NH3  + (1  + 2x)  N2  + fix  H2  (1) 

where  x represents  the  fraction  of  aimonia  decomposed.  If  x is  zero,  i.e.,  ' 
no  ammonia  decomposition,  the  overall  reaction  is: 
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3 N2H4  -*•  4 NH3  + N2  (2) 

The  overall  process  is  really  composed  of  two  processes;  one,  the  oxidation 
of  some  of  the  nitrogen  in  hydrazine  to  nitrogen  gas,  and  the  other  the 
reduction  of  the  remaining  nitrogen  in  hydrazine  to  ammonia.  Any  oxidation- 
reduction  process  (in  this  case  auto  oxidation-reduction)  involves  the 
formal  transfer  of  electrons  from  one  species  to  another.  In  the  presence 
of  a metal  the  transfer  of  electrons  is  accomplished  through  the  metal - 
liquid  interface. 

In  the  presence  of  small  amounts  of  water  (about  0.3  to  0.5  percent 
in  propellant  grade  hydrazine)  a hydrolysis  reaction  takes  place  according 
to: 


N2H4  + H20 


n2h5+  OH 


The  N2H5  |hydrazonium  ion)  is  analogous  to  the  hydrated  hydrogen  ion  in 
water  (H^O  ) and  provides  the  basis  for  the  electrochemical  reactions 
taking  place  during  hydrazine  decomposition.  It  has  been  established  at 
UTRC  that  those  reactions  are: 

5/2  N2H4  - 1/2  N2  + 2 N2H5+  +2e  (4) 

and  2 N2H5+  + 2e  H2  +2  N2H4  (5) 

or  2 N2H5+  + 2e-*-2NH3  + N2H4  (6) 

The  cathodic  reaction  path  appears  to  be  dependent  on  the  metal 
present.  In  the  presence  of  platinum  the  cathodic  reaction  proceeds 
exclusively  according  to  Equation  5.  In  many  other  cases  it  is  a combination 
of  Equations  5 and  6.  Thus  one  half  of  the  decomposition  reaction  is 
expressed  by  Equation  4,  and  the  other  half  by  Equations  5 and  5 or  a 
combination  of  the  two. 

The  net  current  (which  is  really  a measure  of  the  reaction  rate)  at 

the  metal  surface  is  zero,  but  partial  currents  due  to  Equation  4 and 

some  combination  of  5 or  6 are  finite.  That  is: 

I1  ox  I"  11  red  I 0) 

and  iox  + irecj  = 0 (8) 

where  iox  is  the  partial  current  due  to  the  oxidation  process  and  ire(j  is 
that  due  to  the  reduction  process.  The  potential  (voltage)  at  the 
surface  as  measured  against  a reference  electrode  of  known  potential  is  called 
a mixed  potential  and  is  the  average  of  the  thermodynamic  potentials  associated 
with  each  half  reaction  (i.e.,  oxidation  and  reduction). 
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If  by  some  external  means,  this  potential  is  changed  in  such  a 
manner  as  to  favor  the  oxidation  or  reduction,  reaction  a net  overall 
current  will  flow  through  the  system.  (A  second  current-carrying 
electrode  is  necessary  for  this  process.)  The  reference  electrode  does 
not  carry  current,  but  is  used  merely  as  a potential-measuring 
and  control  device.  Assuming  the  potential  is  changed  so  that  the 
oxidation  reaction  is  favored,  iox  will  increase  and  irecj  will  decrease 
since  now: 


^ox  + ^red  = 1net 


(9) 


The  change  in  potential  from  the  equilibrium  value  (known  as  the 
overpotential  or  the  polarization)  is  a linear  function  of  the  log  of 
the  current  if  only  one  electrochemical  process  (i . e. , oxidation)  is 
proceeding  on  the  metal  surface.  Thus,  if  the  overpotential  is  plotted 
versus  current  on  a semilog  scale,  the  plot  will  be  linear  at  overpotentials 
high  enough  to  reach  the  point  where  iox  is  essentially  equal  to  1 . 

(Equation  9).  If  this  were  the  only  process  ■fco  take  place  at  a particular 
metal  surface,  the  plot  would  be  linear  throughout  the  entire  range  of 
potentials  and  iox  would  be  zero  at  zero  overpotential.  However,  when 
two  processes  are  taking  place  at  the  same  metal  surface,  an  extrapolation 
of  the  linear  portion  of  the  plot  would  intersect  the  current  axis 
at  a finite  current  at  zero  overpot mtial . This  current  is  i.  under  normal 
conditions  when  no  potential  was  applied.  The  same  relationship  holds 
true  for  the  measurement  of  ire(j. 


In  the  course  of  the  experimental  studies  it  was  found  that  the  log 
i versus  aE  plots  had  two  straight  line  portions  (Fig.  1).  In  tnis  case, 
a choice  had  to  be  made  regarding  the  portion  of  the  plot  to  be  used 
which  would  yield  the  proper  value  for  iQ.  During  the  early  part  of  the 
program  the  extrapolation  was  made  using  the  straight  line  portion  of  the 
curve  at  high  overpotential.  It  was  felt  that  this  portion  of  the 
curve  corresponded  to  gas  (nitrogen)  evolution  and  this  was  the  rate 
determining  step.  • 


Re-examination  of  the  mechanism  of  hydrazine  decomposition  based  on 
work  published  for  hydrazine  in  aqueous  solutions  (Ref.  1)  and  work  done 
at  UTRC  on  hydrazine  (Ref.  2)  indicates  that  the  rate-determining  step 
for  hydrazine  decomposition  occurs  at  very  low  overpotentials  (200  - 400  mv) 
and  is  not  dependent  on  gas  formation.  Gas  formation  rates  control  the 
process  at  high  overpotentials  (>  1.5  volts)  but  the  process  of  interest 
in  this  case  is  the  low  overpotential  region  since  it  approximates  the 
equilibrium  situation.  Equations  for  the  anodic  decomposition  process 
for  hydrazine  are  shown  in  Equations  10  through  15.  Step  11  is  rate 
controlling,  and  is  repeated  four  times. 
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N2h4  -v  N2H3  + K 

do) 

H + N2H4+  N2hJ  + e 

(ID 

N2H3-*-  N2H2  + H (followed  by  11) 

(12) 

N2H2+  N2H  + H (followed  by  11) 

(13) 

N2H+  N2  (ads)  + H (followed  by  11) 

(14) 

N2  (ads)-*-  N2  (gas) 

(15) 

4. 

Studies  at  UTRC  (Ref.  2)  show  that  the  hydrazonium  ion  (N2Hs  ) is  one  of 
tne  products  of  the  anodic  reaction.  This  reaction  mechanism  results  in 
a current- voltage  curve,  which  is  a straight  line  in  the  low  overpotential 
region  indicating  activation  (electron  transfer)  control.  This  line  is 
expressed  in  terms  of  the  equations: 

a E = a + b log  i (16) 

where  AE  is  the  overpotential  and  a is  the  intercept  at  E = 0.  The 
slope,  b is  expressed  as: 

b . (17, 

a r 

where  R is  the  gas  constant  expressed  in  Joules,  T is  the  temperature  in 
°K,  F is  the  Faraday  and  a is  the  symmetry  factor  for  the  potential  energy 
barrier  for  electron  transfer  kinetic  control.  Equation  17  is  for  the  anodic 
process  only.  The  cathodic  process  has  a (l-a)  terms  in  the  denominator. 

The  intercept  (a)  contains  i0,  the  corrosion  or  decomposition  current  at 
aE  = 0.  The  current-voltage  relationship  (Equation  16)  is  typical  in  a process 
in  which  the  reaction  rate  is  controlled  by  the  transfer  of  electrons  across 
the  metal -solution  interface. 

This  current  at  zero  overpotential  (i0)  is  equivalent  to  the  rate 
of  reaction  of  the  material  in  question  (i.e.,  hydrazine).  In  order  to 
translate  this  current  into  the  amount  of  hydrazine  decomposed,  it  is 
necessary  to  know  the  mechanism  of  the  decomposition  (i.e.,  the  number  of 
electrons  transferred  per  mole  of  material  decomposed).  Since  only  half 
the  reaction  need  be  measured,  the  anodic  process  was  chosen  because  it 
is  straightforward  and  has  been  found  to  obey  the  current-voltage  relationship 
showr  in  Equation  16. 

The  rate  of  decomposition  of  hydrazine  can  thus  be  determined  since 
four  electrons  are  transferred  for  each  mole  of  hydrazine  decomposed 
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Equation  11.  This  corresponds  to  four  Faradays  or  385,952  ampere-seconds  per 
mole  (i.e..  1.2i  x 1(F  amp  sec/gram).  This  factor,  when  combined  with  i0  in 
amperes/cm2  of  surface  area,  can  be  used  to  calculate  the  rate  of  hydrazine  de- 
composition in  terms  of  mass/cm^/unit  time.  Thus,  the  rate  in  terms  of  mg  N2H4 
decomposed/cm2/year  would  be 


mg/cm2/year  = ^0  (amp/cm^) 


7— — “-4 ; — x 3.1536  x 10  sec/year 

1.21  x ICr  amp-sec/mg 


(18) 


2 

The  mg/cm  /year  unit  can  also  be  translated  into  rate  expressions  such  as  percent 
decomposed/ cm2/10  years  or  years  for  1 percent  decomposition/cm2.  These  rate 
units  are  summarized  in  Table  I. 


2.  Experimental  Equipment  and  Test  Piece  Preparation 

The  experiments  performed,  according  to  the  theory  outlined  above,  require 
special  electronic  test  equipment  for  the  polarization  of  the  metal  and  the  re- 
cording of  the  overpotential  versus  log  current  plots  as  indicated  by  Equation 
16.  The  following  sections  of  the  report  describe  the  preparation  of  the  test 
specimens,  the  experimental  test  cell,  the  equipment  required  for  the  test  and 
the  test  procedure. 

a.  Preparation  of  Test  Specimens 

The  five  metals  used  in  the  preliminary  tests  were  AA1100,  AA6061-T6,  AM355, 
304L  SS  and  Ti 6A1 4V.  These  materials  were  purchased  in  either  flat  plate  or  bar 
form.  The  test  specimens  were  machined  from  the  stock  material  in  the  form  of  a 
cylinder  0.314  in.  diameter  and  approximately  0.20  in.  thick.  The  diameter  was 
chosen  so  that  the  surface  area  of  the  test  piece  would  be  0.5  cm2.  These  speci- 
mens were  then  press  fit  into  Teflon  holders.  These  holders  are  illustrated  in 
Figs.  2 and  3A.  Figure  2 is  a photograph  of  a completely  assembled  test  cell. 

The  test  pieces  fit  in  a 0.304  in.  diameter  hole  near  the  bottom  of  the  two 
cylindrical  Teflon  holders.  Figure  3A  is  a drawing  of  a cross  section  of  the 
test  cell  showing  the  position  of  the  test  piece  (D)  in  the  Teflon  holder  (C). 
Prior  to  the  insertion  of  the  test  piece,  a test  piece  lead  (F)  is  inserted  in 
an  1/8  in.  hole  which  terminates  flush  with  the  bottom  surface  of  the  test  piece 
hole.  The  bottom  portion  of  the  lead  is  flattened  and  contact  is  made  when  the 
test  piece  is  force  fit  into  place.  In  instances  where  the  test  piece  holders 
had  been  used  several  times  it  was  necessary  to  wrap  Teflon  tape  around  the  test 
specimen  prior  to  insertion  in  order  to  ensure  a leak-tight  fit.  The  test  piece 
lead  was  also  sealed  at  the  top  of  the  test  piece  holder  using  a silicone  rubber 
adhesive.  This  procedure  was  found  to  be  necessary  to  prevent  liquid  from  coming 
into  contact  with  any  metal  other  than  the  front  surface  of  the  test  piece.  The 
test  piece  leads  were  always  the  same  material  as  the  test  piece  in  order  to 
avoid  any  potential  difference  due  to  a bi-metallic  contact. 
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Once  the  test  piece  and  holder  assembly  was  completed,  the  test  pieces  were 
ground  using  120,  180  and  240  grit  silicon  carbide  paper  in  successive  steps  so 
that  a progressively  smoother  surface  is  achieved.  The  final  surface  is  achieved 
when  the  test  specimen  is  free  of  scratches  or  grooves  and  has  a uniform  appear- 
ance. Once  the  grinding  has  been  completed,  each  test  piece  is  degreased  using 
isopropyl  alcohol  followed  by  a deionized  water  rinse.  This  procedure  is  followed 
by  detergent  cleaning  using  liquid  detergent  in  deionized  water  at  180°F  for  5 
minutes.  The  test  specimen  is  then  double  rinsed  with  clean  deionized  water.  All 
the  above  sample  preparation  procedures  are  identical  to  those  specified  in  the 
NASA-JPL  long-term  compatibility  test  program  (Ref.  6). 

b.  Experimental  Test  Cell 

The  experimental  test  cell,  shown  in  Figs.  2 and  3A,  was  designed  to  provide 
a closed  system  for  the  tests  using  material  that  would  have  a minimum  interaction 
with  hydrazine.  Except  for  the  test  specimens,  the  hydrazine  is  exposed  only' to 
those  materials  known  to  be  relatively  inert.  These  include  pvrex  glass,  Teflon 
and  ethylene-propylene  terpolymer.  The  glass  reference  electrode  (A)  has  been 
found  to  maintain  a stable  potential  once  the  glass  membrane  has  been  saturated 
with  hydrazine.  This  potential  has  been  measured  with  respect  to  a standard 
calomel  electrode  over  a long  period  of  time  while  in  contact  with  hydrazine. 

The  absolute  potential  of  this  electrode  is  not  known  since  the  solvent  effects 
on  the  calomel  electrode  are  uncertain.  However  as  long  as  a constant  potential 
is  maintained,  changes  in  the  potential  of  the  test  piece  with  respect  to  the 
glass  electrode  are  absolute.  Since  all  voltage  measurements  are  in  terms  of  a 
aE  (polarization)  an  absolute  reference  potential  is  not  necessary. 

Two  identical  test  pieces  and  test  piece  holders  are  used  in  each  cell. 
Threaded  Teflon  holders  (B)  are  used  for  both  the  test  piece  and  reference  elec- 
trodes. The  test  electrode  holders  and  the  reference  electrode  are  sealed  in  the 
cell  by  means  of  ethylene-propylene  "0"  rings  at  the  base  of  the  threaded  Teflon 
fittings  (B).  A vent  tube  (G)  is  provided  for  each  test  electrode  compartment. 
This  tube  is  connected  to  a Teflon  plug  stopcock  and  is  vented  to  a hood. 

Drawings  of  the  threaded  Teflon  caps  are  shown  in  Figs.  3B  and  3C.  They 
were  designed  to  fit  threaded  glass  fittings  from  chromatographic  columns  (Ace 
Glass  - #5820)  which  include  a seat  for  the  "0"  ring.  The  "0"  ring  sizes  are 
2-210  for  the  25  mm  caps  (for  the  test  piece  holders)  and  2-111  for  the  15  mm 
cap  (for  the  glass  electrode  - ORION  #910100  or  equivalent).  The  main  sections 
of  the  cell  are  fabricated  from  35  mm  0D  pyrex  tubing  and  are  3.5  inches  long  as 
measured  from  the  "0"  ring  seat.  The  reference  electrode  section  is  fabricated 
from  20  mm  0D  pyrex  tubing  and  is  4.0  inches  long  as  measured  from  the  "0"  ring 
seat.  The  main  sections  of  the  cell  are  joined  by  means  of  a short  piece 
(approximately  0.75  in.)  of  10  mm  0D  pyrex  tubing  to  provide  for  current  flow. 

The  three  sections  of  the  cell  are  braced  by  5 mm  glass  rod  and  are  spaced  so 
there  is  ample  room  for  the  three  Teflon  caps.  The  two  capillary  probes  frcm 
the  reference  section  of  the  cell  are  fabricated  from  6 mm  0D  pyrex  tubing  which 
are  ring-sealed  in  the  walls  of  the  main  chambers  and  which  terminate  in  the 
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capillary  probes  (E  - Fig.  3A).  The  probes  are  positioned  so  that  the  tip  of 
the  capillary  is  at  the  vertical  center  of  the  main  sections  of  the  cell.  Be- 
cause of  the  nature  of  the  glass  blowing  process  there  is  considerable  latitude 
in  the  exact  dimensions  of  the  cell.  The  only  critical  considerations  are;  the 
position  of  the  capillaries,  so  that  proper  spacing  is  achieved  between  the  capil- 
lary tips  and  the  test  pieces,  and  the  spacing  of  the  compartments  to  ensure  room 
for  the  Teflon  caps. 

The  test  piece  holder  is  shown  in  Fig.  3D.  The  dimensions  are  such  that  the 
proper  spacing  can  be  achieved  between  the  reference  capillary  and  the  surface  of 
the  test  piece.  Because  of  the  flexibility  of  Teflon,  it  is  possible  to  adjust 
the  spacing  by  slightly  bending  the  test  piece  holder.  Since  there  is  a minimal 
current  flow  between  the  reference  and  the  test  pieces  (<  one  microamp)  the  only 
voltage  drop  in  the  system  is  between  the  tip  of  the  capillary  and  the  test  piece. 
This  is  the  only  area  in  which  significant  current  flow  takes  place.  This  voltage 
drop  must  be  added  to  the  aE  imposed  on  the  system.  However  with  proper  design 
the  voltage  drop  is  minimized  to  the  point  where  it  can  be  neglected.  A series 
of  experiments  were  performed  in  which  a movable  capillary  was  employed  and  it  was 
determined  that  the  reference  aE  was  minimized  with  a 2.0  mm  outside  x 1.0  mm 
inside  diameter  capillary  placed  2.0  mm  from  the  surface  of  the  test  piece.  Rfi 
is  defined  as  the  resistance  between  the  test  piece  and  the  capillary  tip,  and 
was  calculated  from  the  equation: 


Rn  = d-°-3  0a  (19) 

where  d is  the  distance  between  the  capillary  and  the  test  piece  in  cm,  X is  the 
specific  conductivity  of  the  electrolyte  (hydrazine).  Rfi  is  the  resulting  re- 
sistance which  causes  a potential  difference  aE,  provided  the  ratio  of  the  inside 
to  outside  diameter  is  ^0.5  where  0a  is  the  outside  diameter  of  the  capillary. 
The  potential  drop  (aE)  is  related  to  the  current  flow  by: 


AE  = i R, 


Q 


(20) 


Since  the  specific  conductivity  of  propellant  grade  hydrazine  is  approximately 
5 x 10"5  ohm"^  cm“^,  Rfi  ; 2.8  x 10^  ohms;  however,  the  current  levels  used  are 
about  10-6  amps  so  AE  = 0.028  volt.  The  voltage  polarization  range  for  these 
current  levels  is  about  one  volt  so  the  28  mv  aE  is  considered  to  be  negligible. 
It  appears  that  this  value  could  be  further  reduced  by  placing  the  capillary 
closer  to  the  test  piece;  however,  there  is  a minimum  spacing  that  can  be  used 
before  a shielding  effect  takes  place  and  the  actual  current  flux  opposite  the 
capillary  is  lower  than  the  true  current  flux  on  the  remainder  of  the  test  piece. 
In  general,  the  distance  d,  should  be  greater  than  the  outside  diameter  of  the 
capillary;  however,  this  distance  should  be  determined  experimentally  by  adjust- 
ing the  capillary  to  obtain  a aE  versus  d profile.  When  shielding  takes  place 
there  will  be  a much  more  rapid  drop  in  aE  versus  d than  was  obtained  for  a 
greater  value  of  d. 
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Two  identical  test  pieces  are  employed  because  of  the  nature  of  the  metal- 
propellant  interaction  and  also  because  the  tests  require  that  one  electrode  be 
polarized  anodically  and  therefore  the  other  must  be  polarized  cathodically.  Nor- 
mal reactions  take  place  at  micro-anodic  and  micro-cathodic  sites  on  the  same 
macro-surface;  however,  it  is  necessary  to  separate  these  processes  when  the 
experiments  are  performed.  Thus,  if  one  test  piece  is  always  used  as  the  anode 
and  the  other  as  the  cathode,  the  total  products  of  the  reactions  during  the 
test  should  be  the  same  as  those  on  the  normal  unpolarized  surface.  This  would 
not  be  the  case  if  one  electrode  was  the  material  to  be  studied  and  the  second 
electrode  was  some  other  inert  material  such  as  platinum. 

c.  Instrumentation 


A photograph  of  the  instrumentation  required  for  accelerated  compatibility 
testing  is  shown  in  Fig.  4.  The  central  instrument  for  determining  i0  is  a device 
known  as  a potentiostat  (F).  This  device  is  designed  to  provide  a potential  dif- 
ference between  the  reference  and  working  (test)  electrode.  A feedback  system  in 
the  potentiostat  provides  the  current  flow  necessary  to  maintain  the  set  potential 
difference.  The  potential  difference  may  be  set  manually,  but  the  standard  prac- 
tice is  to  automatically  scan  through  a desired  potential  range  at  some  pre- 
determined rate.  For  the  present  application  it  was  desirable  to  use  low  scan 
rates  since  the  kinetics  of  the  process  are  such  that  low  reaction  rates  were 
expected.  The  potential  is  scanned  by  means  of  a slow  sweep  programmer  (G).  The 
resulting  voltage  and  current  signals  are  fed  to  an  X-Y  Recorder  (E).  The  voltage 
(aE)  is  fed  directly  to  the  Y-axis  and  the  current  response  to  the  X-axis  through 
a log-convertor  (D).  Plots  are  made  directly  on  semi log  graph  paper.  The  current 
scale  is  calibrated  t.y  means  of  a built-in  dummy  cell  incorporating  the  galvanostic 
circuits  in  the  particular  potentiostat  used  in  this  laboratory. 

Once  the  log  i versus  AE  plot  is  recorded  and  i0  is  determined,  the  system 
under  test  is  electrolyzed  using  one  of  the  300  volt  constant  current  power  sup- 
plies (A).  Several  constant  temperature  baths  (B)  are  used  in  order  to  run  tests 
at  a variety  of  temperatures  simultaneously.  Tests  performed  below  room  tempera- 
ture were  controlled  by  means  of  a Porta-Cool  refrigeration  unit,  while  standard 
thermostatic  heaters  were  used  for  the  elevated  temperatures.  The  specific  equip- 
ment required  is  listed  in  Appendix  C. 


3.  Experimental  Test  Method 

A careful  study  of  the  experimental  parameters  effecting  the  values  of  i0  has 
been  carried  out.  As  a result  of  this  study,  which  included  a statistical  analysis 
of  the  variable  effects  at  three  levels,  the  following  has  been  determined: 

a)  The  scan  rate  used  in  the  potentiostatic  polarization  must  be  equal 
to  or  less  than  50  mv/min.  Higher  scan  rates  yield  higher  values 
for  i0.  Lower  scan  rates  yield  i0  values  identical  to  those  obtained 
at  50  mv/min. 
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b)  The  polarization  range  should  not  exceed  two  volts,  since  above 
this  potential  nitrogen  gas  is  evolved  and  the  resulting  anodic 
current  is  sufficient  to  effect  the  total  decomposition  of  the 
hydrazine.  It  was  found  that  anodic  polarization  resulted  in  the 
most  reliable  results  since  the  anodic  process  is  electron  transfer 
controlled  and  thus,  results  in  a linear  log  i versus  voltage  plot. 

This  linear  plot  allows  accurate  extrapolation  to  zero  applied 
potential,  which  corresponds  to  the  equilibrium  current  (i0). 

c)  The  acceleration  of  the  tests  was  found  to  yield  accurate  results 
provided  the  electrolysis  current  was  kept  to  a maximum  value  of 

0.5  ma.  This  current  is  sufficient  to  yield  acceleration  factors  on 
the  order  of  1000  since  most  values  of  i0  are  low  enough  that  elec- 
trolysis currents  of  about  0.1  or  0.2  ma  are  sufficient.  The  lowest 
value  of  current  for  electrolysis  should  be  used  which  is  consistent 
with  reasonable  acceleration  factors. 

d)  The  electrolysis  time  is  a minor  factor  in  the  reliability  of  the 
io  values  provided  it  is  kept  below  sixteen  to  twenty-four  hours. 

Longer  electrolysis  times  yield  high  results. 

e)  The  relaxation  time  is  the  most  important  factor  in  the  acceleration 
portion  of  the  test  method.  The  electrolysis  process  results  in  non- 
equilibrium situations  and  the  eauilibration  of  the  system  is  neces- 
sary prior  to  the  redetermination  of  io*  In  practice  it  is  convenient 
to  allow  the  system  to  equilibrate  overnight  (approximately  sixteen 
hours).  However,  in  most  cases  eight  hours  is  sufficient  unless  the 
electrolysis  current  and  electrolysis  time  were  used  at  their  maximum 
values  of  0.5  ma  and  twenty-four  hours. 

When  all  the  above  factors  are  taken  into  consideration  it  should  be  possible 
to  obtain  reliable  hydrazine  decomposition  rate  data.  In  summary,  these  factors 
include: 

1.  Slow  voltage. sweep  rates,  {<_  50  mv/min.)  and  voltage  ranges  less 
than  2.0  volts. 

2.  Extrapolation  of  the  proper  portion  of  the  log  i-voltage  curve  using 
anodic  polarization. 

3.  Use  of  electrolysis  currents  less  than  0.5  ma,  electrolysis  times 
less  than  24  hours,  and  relaxation  times  of  at  least  eight  hours  for  the 
accelerated  portion  of  the  test. 

The  specific  experimental  procedure  is: 

a)  The  potential  between  the  reference  electrode  and  the  test  piece 

(anode)  is  nulled  by  means  cf  the  potential  control  on  the  potentio- 
stat  (F  - Fig.  4). 
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b)  The  potentiostat  is  placed  in  the  operate  position  and  the  slow 
sweep  scanner  {G  - Fig.  4)  is  started.  The  voltage  scale  on  the 
slow  sweep  is  set  for  2 volts  and  the  scan  rate  is  set  for  40  mv/mi n 
(i.e.,  50  min  for  2 volts). 

c)  The  Y axis  on  the  X-Y  Recorder  (E  - Fig.  4)  is  set  to  zero  applied 
potential.  The  X axis  current  scale  (log  i)  is  precalibrated  using 

a built-in  dummy  cell.  The  calibration  is  set  by  using  the  potentio- 
stat in  the  gal vanostatic  mode  and  calibrating  at  0.01  and  0.1  ma 
for  two  decades  of  the  four  cycle  semi log  graph  paper. 

d)  The  initial  current  is  noted  on  the  graph  paper  (usually  about 
.0002  ma)  and  the  current-log  i relationship  is  automatically 
plotted  since  the  current  output  of  the  potentiostat  is  fed 
through  a log  converter. 

e)  The  extrapolation  is  made  to  determine  i0.  This  value  is  then 
used  in  conjunction  with  the  desired  electrolysis  current  to 
determine  the  acceleration  factor  for  the  electrolysis. 

f)  The  electrolysis  is  carried  out  following  the  restrictions  for 
current  and  time  as  outlined  above.  The  positive  lead  from  the 
power  supply  is  fastened  to  the  test  piece;  which  is  always  used 
as  the  anode.  The  second  test  piece  is  always  used  as  the  cathode 
and  is  referred  to  as  the  counter  electrode. 

g)  The  accelerated  time  spans  are  usually  set  so  that  shorter  periods 
of  time  are  used  during  the  early  part  of  a test,  since  the  changes 
in  decomposition  rate  are  usually  the  most  pronounced  during  this 
time  period.  The  electrolysis  experiments  for  ten  year  accelerated 
tests  were  run  so  that  the  accelerated  time  intervals  were  0.25  year 
for  the  first  two  years,  0.5  year  for  the  second  two  years,  1.0  year' 
for  the  next  three  years  and  2.0  years  for  the  remainder  of  the  ten 
years.  The  electrolysis  times  varied  from  1.5  to  6.0  hours. 

When  the  above  procedure  is  used  a plot  of  hydrazine  decomposition  rate  (i0) 
versus  accelerated  time  can  be  constructed  with  a minimal  amount  of  data  scatter 
as  shown  for  T i 6A1 4V  and  304L  sb  in  Figs.  5 and  6,  respectively. 


4.  Metal  Dissolution 

In  addition  to  the  i0  determination,  all  the  solutions  were  analyzed  for 
metal  impurities  at  the  end  of  the  tests.  The  dissolved  metal  data  was  used  to 
calculate  the  portion  of  the  total  amount  of  electrical  energy  passed  through 
the  system  which  was  directly  attributable  to  metal  dissolution.  The  total 
electrical  energy  measured  in  coulombs  can  be  related  to  the  amount  of  material 
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reacted  by  use  of  Faraday's  Law  which  state:  that  one  gram-equi valent  weight  (GEW) 
of  any  material  will  react  for  every  96,488  coulombs  (ampere-seconds).  The  gram- 
equivalent  weight  is  the  gram-molecular  weight  (GMW)  divided  by  the  number  of 
electrons  used  for  each  atom  of  material.  In  general,  the  metal  dissolution  pro- 
cess can  be  described  by: 

M M+x  + xe"  (21 ) 

where  M is  the  metal  in  question,  M+x  is  the  corresponding  metal  ion  in  hydrazine 
solution,  e~  is  the  electron  and  x is  the  number  of  electrons  per  metal  atom  dis- 
solved. Calculations  were  made  based  on  the  normal  charge  for  each  type  of  metal 
ion  for  each  alloy  tested.  When  more  than  one  charge  was  possible  for  a given 
metal  ion,  the  lowest  value  was  used  since  hydrazine  represents  a reducing  media. 
For  instance,  in  the  case  of  iron,  either  Fe*2  or  Fe4^  can  exist.  For  the  purpose 
of  this  work,  Fe+2  was  chosen  ard  the  GEW  is  the  GMW/2.  In  this  manner,  the  num- 
ber of  coulombs  per  microgram  (pg)  of  material  dissolved  can  be  calculated.  This 
number  is  based  on  100  percent  of  the  current  being  used  for  metal  dissolution. 

The  ratio  of  the  actual  amount  of  material  dissolved  to  the  theoretical  value 
represents  the  fraction  of  coulombs  associated  with  metal  dissolution.  The  re- 
mainder of  the  total  coulombs  are  associated  with  hydrazine  decomposition.  If 
this  portion  of  the  total  i0  is  sufficiently  large,  the  i0  values  for  hydrazine 
decomposition  should  be  corrected  accordingly.  An  example  of  the  calculations 
for  metal  dissolution  of  T i 6A1 4V  are  shown  in  Table  II. 
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SECTION  III 
TEST  RESULTS 


The  results  for  hydrazine  decompositions  on  Ti6A14V  and  304L  SS  shown  in  Figs. 

5 and  6 were  the  result  of  using  the  values  of  the  experimental  parameters  shown 
to  yield  consistent  results.  The  values  for  these  parameters  were  the  result  of 
the  earlier  phases  of  the  electrochemical  accelerated  compatibility  (EAC ) test  method 
study.  In  addition  to  the  above  metals,  AA1100  and  AA6061-T6  aluminum  alloys  and 
AM355  stainless  steel  were  also  investigated. 


1.  Preliminary  Test  Results  - Data  Comparison 

The  results  of  the  accelerated  tests  on  the  five  metals  studied  in  the 
preliminary  phase  of  the  test  program  were  compared  to  real  time  data  where 
possible.  The  majority  of  the  real  time  test  data  was  supplied  by  NASA-JPL  (Refs. 

3 and  4).  The  results  of  this  comparison  are  shown  in  Table  HI. 

The  decomposition  of  hydrazine  on  Ti6A14V  (Fig.  5)  increases  for  about  the  first  • 
two  years  of  accelerated  testing  time  and  then  levels  off  to  a steady  rate  of  decompo- 
sition of  about  1.00  mg/cm2/year  (0.1  x 10"2  ma/cm2  is  equivalent  to  0.25  mg/cm2/year) . 
When  this  data  is  compared  to  that  obtained  by  JPL  (Ref.  3)  at  2.44,  3.58,  and  4.18 
real  years  (Table  III)  +he  JPL  data  is  found  to  be  about  30  to  40  percent  higher 
than  the  UTRC  data  in  'cwo  cases  and  about  10  percent  lower  in  the  third  case. 

However,  the  JPL  tests  were  done  with  three  different  test  specimens  and  the 
variations  in  their  data  could  be  due  to  variations  in  the  surface  of  the  initial 
test  piece.  Although  the  JPL  tests  were  run  for  three  different  periods  of  time, 
the  variation  in  the  data  does  not  reflect  any  trend  with  respect  to  time.  If 
it  is  assumed  tnat  the  variations  noted  are  due  to  the  condition  of  the  test  piece 
surfaces  and  not  time  of  exposure,  then  an  average  value  for  the  hydrazine  decomposi- 
tion rate  should  be  used.  The  average  value  for  the  JPL  data  is  1.20  ±.22  mg/cm2/year 
while  the  average  value  for  the  UTRC  data  is  1.00 ±.01  mg/cm2/year.  Thus,  on  an 
average  basis  for  the  three  JPL  test  specimens  the  UTRC  and  JPL  data  are  in  statistical 
agreement  since  the  range  of  values  for  UTRC  data  (.99  to  1.01  mg/cm2/year)  falls 
within  the  range  of  values  for  JPL  data  (0.98  to  1.42  mg/cm2/year. ) 

The  decomposition  of  hydrazine  on  304L  stainless  steel,  in  contrast  to  the 
Ti6A14V  data,  is  considerably  reduced  during  the  first  two  years  of  accelerated 
testing  with  a minimum  value  of  about  0.82  mg/cm2/year  (Fig.  6).  The  rate  of 
hydrazine  decomposition  then  rises  during  the  following  two  years  (a  total  of  four 
years)  to  about  1.00  mg/cm2/year  and  stays  constant  over  the  period  of  four  to  nine 
years  accelerated  time.  In  comparison  to  the  JPL  data  (Ref.  14)  for  1.98  and  2.15 
years  (Table  III)  the  UTRC  data  averages  0.829 ±.01  mg/cm2/year  and  the  JPL  data* 

0.812 ±.033  mg/cm2/year.  Again  the  agreement  is  well  within  statistical  error  allowing 
for  differences  in  the  two  JPL  test  specimens. 
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Data  comparison  with  other  literature  was  also  accomplished  where  possible. 

The  results  of  these  comparisons  are  also  summarized  in  Table  III.  Data  based  on 
gas  evolution  techniques  was  obtained  several  years  ago  at  UTRC  for  AM355  (Ref.  5). 

The  tests  were  done  at  120°F  for  a short  period  of  time  (72  hours).  The  electro- 
chemical method  was  also  employed  for  *his  alloy,  but  at  140°F  at  a minimum  time 
of  nine  days.  Although  the  rate  obtained  is  about  twice  the  value  using  gas  evolution, 
the  higher  temperature  could  account  for  most  of  this  difference.  It  snould  also 
be  noted  that  the  decomposition  rate  on  AM355  is  about  an  order  of  magnitude 
greater  than  for  the  other  alloys  tested  and  both  sets  of  data  reflect  this 
greater  rate.  Data  was  also  obtained  at  this  time  on  AA1100  over  a period  of  72 
hours.  The  electrochemical  method  for  the  same  time  period  and  temperature  (140°F) 
yields  essentially  the  same  rate  of  hydrazine  decomposition.  Data  for  AA6061-T6 
was  obtained  by  JPL  (Ref.  3)  and  by  Hollywood  at  JPL  (Ref.  4).  In  the  former  case 
the  work  was  done  at  11 0°F  and  in  the  latter  (using  large  tanks)  the  data  was 
obtained  over  a one  month  period  at  80  to  90°F.  In  both  cases  the  UTRC  data  is 
somewhat  higher.  The  UTRC  data  indicated  a horizontal  straight  line  relationship 
between  decomposition  rate  and  accelerated  time  over  the  time  period  of  zero  to 
three  years.  However,  there  was  some  scatter  in  the  data.  These  data  (as  well  as 
the  AA1100  and  AM355  data)  were  based  on  the  proper  extrapolation  procedure,  (lower 
part  of  the  log  i-aE  curve)  but  were  not  rerun  using  the  optimum  values  for  electro- 
lysis, and  relaxation  times  and  electrolysis  current  as  were  the  Ti 6A1 4V  end  304L  SS 
tests.  Thus,  any  discrepancy  between  UTRC  and  literature  data  is  probably  due  to 
scatter  in  the  i0  data. 

The  above  results  suggest  that  the  EAC  method  is  a reliable  one  and  can 
produce  long-term  compatibility  information  in  a reasonable  period  of  time.  In 
most  cases  a ten  year  test  can  be  completed  in  three  to  four  weeks. 

In  addition  to  the  decomposition  rate  data  discussed  in  the  preceding 
paragraphs,  the  amount  of  metal  dissolution  was  also  determined.  In  reality  i0  is 
the  sum  of  the  currents  involved  in  metal  dissolution  and  hydrazine  decomposition. 

The  relative  effects  of  these  two  processes  are  easily  determined  by  means  of  the 
EAC  test  method.  The  total  number  of  coulombs  used  for  the  electrolysis  is  compared 
to  the  amount  of  material  dissolved.  The  ratio  of  the  coulombs  required  for  the 
observed  metal  dissolution  to  the  number  of  coulombs  used  is  the  fraction  of  i0 
associated  with  metal  dissolution  (i.e.,  electrochemical  efficiency  for  metal 
dissociation).  The  extent  of  metal  dissolution  and  the  electrochemical  efficiency 
for  metal  dissolution  was  determined  using  a graphite  furnace  attachment  to  the 
atomic  adsorption  spectrometer  (AAS).  This  attachment  extends  the  capability  of 
the  AAS  so  that  the  metal  concentrations  can  be  determined  in  the  part  per  billion 
range  using  microliter  size  samples. 

The  results  of  the  metal  analysis  indicate  that  in  the  case  of  Ti6A14V  the 
highest  metal  concentrations  were  associated  with  a test  where  there  was  consider- 
able water  contamination.  In  this  case  Ti  and  A1  were  preferentially  dissolved. 

In  the  case  of  304L  SS  and  AM355,  the  dissolution  of  the  major  metals  (Fe,  Cr,  Ni) 
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appear  to  be  a direct  function  of  temperature.  The  same  type  of  behavior  is 
noted  in  the  case  of  AA1100;  however,  the  amount  of  Fe,  Ni  and  Cu  dissolution  is 
in  greater  proportion  than  the  concentrations  in  the  alloy.  This  alloy  contains 
0.4  percent  Fe  and  0.2  percent  Cu,  but  only  0.02  percent  Ni.  The  AA6061-T6  alloy 
contains  0.2  percent  Fe,  0.8  percent  Mg  and  0.4  percent  Cu,  and  0.02  percent  Ni. 

In  this  case  the  Mg  was  preferentially  dissolved  as  was  the  iron  and  nickel. 

The  fraction  of  coulombs  resulting  in  metal  dissolution  for  each  of  the 
metals  was  calculated  for  each  test.  It  was  noted  that  in  the  case  of  the  titanium 
alloy  and  the  stainless  steels,  the  coulomb  fractions  were  never  greater  than  0.13 
percent.  Thus,  99.87  percent  of  the  current  is  involved  in  hydrazine  decomposition 
on  the  metal  surface.  However  the  coulomb  fraction  for  the  aluminum  alloys  is  very 
high  in  some  cases.  For  AA1100  and  AA6061-T6  at  140°F  the  fraction  for  aluminum 
dissolution  was  about  4 percent  in  both  cases.  In  other  instances,  the  fractions  are 
about  0.1  to  0.2  percent  maximum  for  the  remaining  alloy  constituents  of  both  AA1100 
and  AA6061-T6. 

The  absolute  values  of  i0  are  such  that  the  aluminum  alloys  yield  the  lowest 
values;  however,  the  metal  dissolution  rates  (accompanied  by  pitting)  are  the 
highest.  If  the  effect  of  dissolved  metals  (i.e.,  on  a catalyst  bed)  is  cf 
primary  importance  it  appears  that  the  aluminum  alloys  should  be  avoided.  These 
observations  suggest  that  both  factors  should  be  taken  into  consideration  when 
materials  are  being  chosen  for  specific  applications. 


2.  Basic  Test  Matrix 

As  a result  of  the  preliminary  studies,  a test  matrix  was  set  up  for  the 
study  of  the  relationship  of  the  compatibility  of  eight  metals  as  a function  of 
temperature,  accelerated  time,  hydrazine  impurities  and  metal  pretreatments.  The 
tests  were  arranged  according  to  the  matrix  shown  in  Figs.  7 and  8.  The  parameter’s 
studied  are  summarized  in  Table  IV.  As  shown  in  Figs.  7 and  8,  the  rows  (R)  corres- 
pond to  temperature,  the  columns  (C)  to  Mme  and  the  Greek  and  Latin  letters  to  the 
metal  pretreatments  and  impurities  respectively.  Therefore,  sixteen  tests  were 
run  for  each  of  the  eight  metals  for  a total  of  one  hundred  twenty  eight  (128) 

tests.  In  each  set  of  sixteen  tests,  no  two  sets  of  conditions  are  the  same.  The 

impurity-metal  pretreatment  combinations  are  also  different  for  corresponding 
positions  in  the  matrix  for  each  of  the  four  metals  in  each  group. 

The  statistical  analysis  is  outlined  in  detail  in  Appendix  A.  By  means  of 

this  analysis  (for  each  group  of  four  metals)  it  is  possible  to  independently 
evaluate  the  relative  effect  of  all  the  variables  on  i0. 


16 


AFRPL-TR-76-33 


The  experimental  apparatus  including  test  cells  and  instrumentation  is  identical 
to  that  described  previously.  However,  the  preparation  of  the  test  specimens 
varied  according  to  the  statistical  design  of  the  experiments.  Pretreatment  a 
(isopropyl  alcohol -IPA  and  detergent)  - Table  IV,  is  identical  to  the  cleaning 
procedure  used  in  the  preliminary  studies.  Pretreatment 3 was  also  the  same  as  the 
previous  cleaning  procedure  except  that  Trichlor  (trichloroethylene)  was 
substituted  for  IPA.  These  pretreatments  along  with  special  cleaning  procedures 
designated  A and  B are  outlined  in  Appendix  B.  They  include  two  different  procedures 
for  each  base  metal  type;  i.e.,  titanium,  stainless  steel  and  aluminum.  The  A 
series  are  identical  to  the  JPL  procedures  (JPL  Spec  No.  FS04574  Rev.  C,  May  1974) 
(Ref.  6).  The  B procedures  were  obtained  from  other  sources  (e.g..  Modern  Electro- 
plating by  V.  I.  Lainer).  The  impurities  were  Zn  (added  as  ZnO),  5 ppm;  chloride 
(added  as  N2H5C1),  20  ppm;  CO2  (added  in  the  vapor  phase),  50  ppm;  and  water,  1.50 
percent. 

Results  for  the  128  tests  in  the  two  test  matrices  were  obtained  in  the  form 
of  i0  versus  accelerated  time  plots  as  well  as  the  analysis  of  dissolved  metals 
and  the  fraction  of  coulombs  for  metal  dissolutions.  Details  of  the  results  can 
be  obtained  from  Report  AFRPL-TR-76-21 . The  present  report  summarizes  the  i0 
results  as  a function  of  the  specific  parameters  outlined  in  Table  IV.  The  values 
for  iQ  shown  in  the  matrices  (Figs.  7 and  8)  correspond  to  the  times  indicated 
by  T],  T2,  etc.  (Table  IV).  In  actual  practice  i0  versus  accelerated  time  data 
were  obtained  for  each  test.  These  plots  are  significant  in  many  cases  since 
fluctuations  in  i0  as  a function  of  time  are  indicative  of  the  formation  and  disso- 
lution of  passive  layers  on  the  test  piece  surface.  This  information  coupled  with 
metal  dissolution  data  makes  it  possible  to  draw  a number  of  conclusions  with  regard 
to  the  compatibility  of  hydrazine  with  the  metals  tested. 

In  the  case  of  the  aluminum  alloys,  AA1100  and  AA6061-T6,  the  degree  of 
metal  dissolution  was  large  compared  to  the  preliminary  results  in  spite  of  the 
fact  that  the  total  number  of  coulombs  used  for  electrolysis  was  much  greater  in 
earlier  tests  compared  to  the  latter  tests.  The  presence  of  C02  and  H20  had  the 
greatest  effect  on  metal  dissolution.  In  most  cases,  the  metal  attack  was  in  the 
orm  of  severe  pitting.  .In  the  case  of  AA1100,  the  B cleaning  procedure  prevented 
pitting  even  though  its  use  resulted  in  a general  etching  of  the  surface.  Apparently, 
^ Prfvented  avoiding  a relatively  smooth  surface.  In  the  case 
of  AA6061 -T6,  pitting  is  also  evident,  but  the  result  is  undissolved  metal  deposits 
at  the  bottom  of  the  test  cell.  Apparently,  the  attack  is  at  grain  boundaries  and 
the  metal  is  undercut  to  the  point  where  it  disintegrates  into  fine  metal  particles. 
This  localized  attack  is  peculiar  to  the  aluminum  alloys  and  these  effects  deserve 
further  study  since  the  values  for  i0  are  very  low. 

The  stainless  steels  AM355,  17-7PH  and  430  are  all  of  the  same  martensitic 
type.  The  metal  dissolution  fractions  were  low  (<1  percent)  in  most  cases,  but 
the  values  for  iQ  were  considerably  higher  than  those  for  the  aluminum  alloys.  The 
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austenitic  stainless  steel*  316L  also  indicated  similar  results.  There  were 
large  fluctuations  in  i0  versus  time  which  took  the  form  of  current  reversal 
indicating  the  formation  and  dissolution  of  a passive  layer  on  the  metal  surface. 

The  metals  of  this  group  were  in  the  order  AM355  <1 7-7PH <430  SS < 31 6L  SS  in 
te^ms  of  the  passive-active  behavior.  In  almost  all  cases  in  this  series  of  metals, 
the  B cleaning  procedures  yielded  the  highest  values  for  i0  and  the  most  inconsistent 
results  in  terms  of  metal  dissolution.  The  formation  and  removal  of  the  passive 
layer  was  most  evident  in  the  case  of  430  SS. 

The  tests  on  304L  SS  and  T i 6A1 4V  indicate  relatively  low  values  of  i0  as  well 
as  metal  dissolution.  The  metal  dissolution  was  the  lowest  for  Ti6A14V.  The  major 
dissolving  species  in  this  case  was  iron,  a minor  constituent  for  this  alloy. 

There  was  some  pitting  and  etching,  but  the  majority  of  cases  associated  with  this 
phenomena  were  the  result  of  the  B cleaning  procedure.  When  the  A cleaning  procedure 
was  used,  no  pitting  of  any  type  was  noted.  The  304L  SS  indicated  metal  dissolution 
(Fe)  greater  than  one  percent  in  some  of  the  one  year  tests,  however  this  one 
percent  level  was  noted  in  tests  as  large  as  four  years  for  AM355  and  17-7PH.  It 
appears  that  the  metal  dissolution  is  minimized  by  the  time  a one  year  exposure 
is  achieved  and  suggests  that  anodic  conditioning  could  be  used  to  passivate  the 
surface  prior  to  the  use  of  this  alloy  in  practical  systems. 

The  degree  of  metal  dissolution  and  the  fraction  of  coulombs  resulting  in 
metal  dissolution  is  summarized  in  Tables  V and  VI  for  Ti6A14V  and  AA1100  respectively. 
These  two  alloys  represent  the  best  and  the  worst  cases  of  metal  dissolution.  It 
should  be  noted  that  the  half  year  tests  usually  yield  abnormally  high  fractions 
for  metal  dissolution.  This  is  probably  due  to  the  fact  that  metal  dissolution  is 
more  pronounced  relative  to  hydrazine  decomposition  in  a freshly  exposed  sample. 

With  the  exception  of  the  half  year  tests,  the  individual  metals  dissolved  from 
T i 6A1 4V  were  less  than  one  percent  except  for  aluminum  in  two  of  the  one  year  tests. 

The  AA1100  tests  indicate  individual  metal  dissolution  as  high  as  38  percent  for 
aluminum  and  about  18  percent  for  iron. 

Pictures  of  the  test  pieces  for  some  of  the  matrix  tests  are  shown  in  Figs. 

9 and  10.  The  pitting  of  aluminum  is  evident  in  these  tests.  The  etching  produced 
by  cleaning  procedure  B is  evident  for  AM355  and  304L  SS.  The  special  case  of  pitting 
on  Ti6A14V  is  illustrated  in  Fig.  11.  This  pitting  was  evident  in  only  a few  instances 
(four  tests)  and  could  not  be  correlated  with  the  test  conditions  except  for  the  fact 
that  no  pitting  was  evident  where  cleaning  procedure  A was  used. 

In  addition  to  the  above  tests,  a series  of  experiments  were  performed  on  the 
bi-metallic  couples  304L  SS/AA6061-T6  and  304L  SS/Ti6A14V.  The  bi-metallic  tests 
indicated  that  304L  SS  is  preferentially  dissolved  in  both  cases.  It  is  also  observed 
that  i0  for  the  two  bi-metallic  couples  is  greater  than  the  contribution  of  each 
of  the  individual  metals.  These  tests  were  performed  as  a function  of  time  (1.0 
and  4.0  years),  temperature  (110  and  160°F),  impurity  (Cl  and  CO2)  and  cleaning 
procedure  (IPA-detergent  and  Trichlor-detergent).  The  statistical  analysis  outlined 
in  Appendix  A was  used  to  evaluate  the  effects  of  the  parameters. 
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The  effect  on  i0  according  to  statistical  analysis  is  temperature > bi-metal  lie 
couple  > impurity.  The  combination. of  bi-metallic  couple  and  temperature  has  the 
greatest  effect.  Pictures  of  the  test  pieces  for  two  of  the  eight  tests  performed 
are  shown  in  Fig.  12.  The  pitting  of  the  aluminum  is  apparent  in  the  one  case 
and  a slight  etching  is  noted  on  T i 6A1 4V  in  the  other  bi-metallic  couple.  The  major 
dissolved  metals  were  Fe  and  Mn  ii  almost  all  of  the  tests.  The  concentration 
of  A1  was  significant  in  only  one  case  and  Ti  was  not  detected  in  any  of  the 
solutions.  In  view  of  these  results,  it  appears  that  dissimilar  alloys  should  be 
avoided  and  stainless  steels  or  aluminum  base  alloys  should  be  used  in  pairs  for 
bi-metallic  junctions  in  order  to  minimize  the  compatibility  problem.  The  results 
suggest  that  the  T i 6A1 4V  / AA6061-T6  couple  should  have  a minimal  bi-metallic 
effect  but  this  should  be  verified  experimentally. 


3.  Statistical  Analysis 

The  data  obtained  in  the  basic  test  matrix  studies  were  analyzed  statistically 
according  to  the  Graeco-Latin  cube  design  outlined  in  Appendix  A.  The  final  i0  is 
the  measured  response  used  in  the  statistical  analysis.  Because  of  restrictions 
on  the  analysis  scheme,  each  of  the  sets  of  four  metals  is  independently  treated. 

In  this  treatment  there  must  be  four  values  for  each  of  the  key  variables  studied; 
i.e.,  four  each  for  time,  temperature,  pretreatment,  impurity  and  metal. 

From  the  calculation  of  the  analysis  of  variance  for  the  Graeco-Latin  cube, 
a partitioning  of  the  total  sum  of  squares,  the  sum  of  squares  for  each  factor, 
and  the  sum  of  squares  of  the  mean,  it  is  possible  to  obtain  an  estimate  of  the 
experimental  error;  i.e.,  the  residual  that  is  not  accounted  for  by  the  treatment 
effects.  These  values  are  then  used  to  determine  the  mean  squares  for  each  of 
the  variables  and  the  error.  The  mean  square  of  each  variable  divided  by  the 
experimental  error  forms  the  F ratio  which  is  a measure  of  the  significance  of 
each  variable  as  it  applies  to  the  measured  response  (i.e.,  i0).  As  indicated  in  • 

Appendix  A,  the  sum  of  squares  for  each  variable  is  divided  by  the  number  of  degrees 

of  freedom  to  obtain  the  mean  square.  The  degrees  of  freedom  .:re  the  number  of 
levels  of  each  variable  minus  one.  The  residual  mean  square  U the  difference  between 
the  total  mean  square  and  the  mean  square  accounted  for  by  ea  h variable.  If  the 
mean  square  for  a given  variable  is  much  greater  than  the  res 'dual  mean  square,  then 
the  effect  of  this  variable  on  the  response  is  significant,  fhe  ratio  of  the  mean 

square  for  a given  variable  to  the  residual  mean  square  valur  is  called  the  "F"  ratio. 

The  larger  the  ratio,  the  greater  the  effect  of  the  variable  on  the  response;  in  this 
case  i0.  The  F ratios  for  the  first  group  of  four  metals  (AA1100,  AA6061-T6,  AM355, 
and  17-7  PH)  were  (in  descending  order);  metals,  490.8;  temperature,  21.20;  time  18.42; 
impurities,  13.47;  and  pretreatments,  8.89.  It  is  obvious  that  the  metals  themselves 
had  by  far  the  greatest  effect  on  i0.  However,  the  relatively  low  values  of  i0  for 
the  aluminum  alloys  compared  to  the  stainless  steels  is  probably  responsible  for 
this  effect.  For  the  remainder  of  the  variables,  temperature  and  time  had  the  greatest 
effect.  The  effect  of  the  impurities  was  moderate  and  the  pretreatments  had  the 
least  effect. 
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The  estimate  of  the  experimental  error  (a  ) for  this  group  of  metals  is  0,0358  x 
10"J  ma/cm2  and  the  grand  mean  for  i0  (4  ) is  0,2673  x 10-3  ma/cm2.  The  individual 
effects  for  each  level  of  each  variable  on  i0  is  summarized  in  Table  VII  for  this 
metal  group.  Each  value  in  this  table  is  a measure  of  the  individual  effect  of  each 
variable  at  the  specified  level  on  the  measured  response  (i.e.,  i0).  These  values 
can  be  used  to  obtain  an  estimate  of  the  best  expected  response,  by  substituting  their 
values  into  the  equation  representing  the  model  of  the  Graeco-Latin  cube. 

Yij  (kl)m  = u + Ri  + Cj  + Tk  + G,  + Lm  + eij  (kl)m  (22) 

where  Yij  (kl)m  is  the  measured  response,  pi  is  the  true  mean  response  and  eij  (kl)m 
is  the  experimental  error.  This  equation  can  be  used  to  calculate  i0  for  any  set  of 
variables  including  the  metal. 


The  results  for  the  second  group  of  four  metals  (430  SS,  31 6L  SS,  304L  SS, 
and  Ti6A14V)  are  summarized  in  Table  VIII.  In  this  case,  the  grand  mean  for  i0  (u) 
is  0.3925  x 10"3  and  the  experimental  error  (cr)  is  0,0771  x 10-3  ma/cm2.  The  F ratios 
are  28.82,  27.89,  16.11,  15.11  and  4.44  for  the  impurities,  pretreatments,  temperature, 
time  and  metals  respectively.  It  can  be  seen  that  the  major  contributions  to  i0  are 
the  pretreatments  and  impurities,  and  the  metals  themselves  have  very  little  effect.  . 
In  this  case,  three  of  the  four  metals  were  stainless  steel. 

The  F ratios  are  used  to  determine  the  significance  of  an  individual  variable 
with  respect  to  the  response;  i.e.,  i0.  Once  it  has  been  determined  that  the  variable 
is  significant,  the  individual  effect  of  a variable  on  i0  for  all  four  metals  in  a 
given  group  (1-4)  or  (5-8)  can  be  determined  by  averaging  all  the  responses  of  all 
the  variables  for  the  four  metals.  Then,  through  the  use  of  Equation  22  subtracting 
out  the  effects  of  the  other  variables,  the  grand  mean  and  the  experimental  error. 

This  procedure  was  used  to  determine  the  individual  effects  in  Tables  VII  and  VIII. 

An  examination  of  Table  VII  indicates  a regular  increase  in  the  time  effect 
for  the  first  group  of  four  metals.  The  B cleaning  procedures  have  a positive 
effect  on  i0  as  does  the .presence  of  both  CO2  and  H2O.  The  temperature  effect  is 
not  clear  since  both  the  highest  and  lowest  values  of  this  variable  indicate  a 
positive  response  while  the  middle  two  temperatures  indicate  a negative  response. 

The  response  for  the  metal  is  not  surprising  in  view  of  the  differences  in  the 
alu’inum  and  stainless  steel  alloys  used  in  this  group.  For  future  studies,  it 
would  be  more  advantageous  to  use  alloys  with  the  same  base  metal  for  the  same  test 
matrix. 

The  second  group  of  four  metals  (Table  VIII)  indicates  a fairly  regular 
increase  in  response  with  temperature.  The  time  effect  is  not  clear  except  in 
the  case  of  the  ten  year  test  which  yields  the  highest  levels  for  i0,  as  expected. 
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The  A cleaning  procedure  had  the  best  effect  on  i0  while  H£0  and  Zn  had  an  adverse 
effect.  The  presence  of  CO2  appeared  to  reduce  the  value  of  i0.  The  metal  effects 
•are  more  meaningful  in  this  group  since  three  of  the  four  are  stainless  steels  and 
the  titanium  alloy  does  not  appear  to  behave  much  differently  in  the  presence  of 
hydrazine.  The  most  positive  response  was  obtained  with  316L  SS  and  the  response 
was  progressively  lower  for  430  SS,  T i 6A1 4V  and  304L  SS  in  that  order. 

In  terms  of  hydrazine  decomposition,  Trichlor  and  the  A cleaning  procedures 
exhibited  the  most  beneficial  effect.  Of  the  impurities  studied,  Cl  was  the  only 
species  that  lowered  the  i0  values  in  both  sets  of  metals  studied,  H2O  was  the  only 
species  that  contributed  consistently  to  higher  values  for  iQ.  Surprisingly  CO2 
appeared  to  have  a beneficial  effect  on  the  second  group  of  metals.  There  was  also 
a definite  temperature  effect  for  this  metal  group. 

For  the  first  group  of  four  metals  (Table  VII),  the  combination  of  parameters 
having  the  largest  positive  effect  on  the  values  of  i0  (i.e.,  the  highest  decomposi 
tion  rate)  was  AM355  at  10  years  and  160°F  with  the  B cleaning  procedure  and  water 
as  an  impurity.  The  combination  with  the  most  beneficial  effect  is  AA6061-T6  at 
four  years  and  80°F  using  Trichlor  and  Joy  cleaning  as  well  as  chloride  as  the 
impurity. 

For  the  second  group  of  four  metals  (Table  VIII),  the  combination  of  factors 
having  the  most  deleterious  effect  in  terms  of  hydrazine  decomposition  rate  is 
316L  SS  at  10  years  and  160°F  using  IPA  and  Joy  cleaning  and  H20  as  the  impurity. 
The  combination  with  the  most  beneficial  effect  was  304L  SS  at  0.5  year  and  50°F 
with  the  A cleaning  procedure  and  CO2  as  the  impurity. 

The  above  results  are  based  on  the  statistical  analysis  of  128  tests  (64  for 
each  combination  of  four  metals).  The  equation  shown  previously  can  be  used  to 
predict  the  best  expected  response  of  i for  any  combination  of  the  five  variables 
evaluated  in  Tables  VII  and  VIII.  It  should  be  noted  that  only  one  concentration 
was  used  for  each  impurity  and  effects  of  this  type  should  be  studied  over  a 
concentration  range.  Also  the  A and  B cleaning  procedures  (see  Appendix  B)  were 
not  the  same  in  all  cases,  but  were  specific  for  each  class  of  alloy.  Taking  these 
limits  into  account  the  results  of  this  survey  can  be  used  as  a guide  as  to  the 
relative  merit  of  each  variable  in  terms  of  its  effect  on  the  decomposition  rate  of 
hydrazine. 
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SECTION  IV 

RECOMMENDATIONS  FOR  MATERIALS  SELECTION 
AND  CLEANING  AND  PASSIVATION  TECHNIQUES 


The  results  of  the  experimental  program  are  such  that  a number  of  factors 
must  be  considered  in  the  selection  of  materials  and  cleaning  and  passivation 
techniques.  These  factors  include  the  results  of  the  statistical  analysis,  the 
degree  of  metal  dissolution,  evidence  of  pitting,  the  variation  of  i0  as  a func 
tion  of  accelerated  time  and  the  average  values  of  i0  for  each  metal. 


1.  Average  Values  for  i0 

The  average  i0  values  were  used  as  a relative  measure  of  hydrazine  decom- 
position rate  on  the  metals  tested.  These  average  i0  values  are  summarized  in 
Table  IX,  along  with  the  corresponding  average  hydrazine  decomposition  rates  in 
mg  hydrazine  decomposed  per  cm^  per  year.  It  is  obvious  that  the  aluminum  alloys 
are  superior  in  terms  of  the  average  i0  values.  The  differences  in  the  i0  values 
for  the  remaining  metals  are  small  and  range  from  0.930  mg/cm2/year  for  304L  SS 
to  1.168  mg/cm^/year  for  AM355. 


2.  Degree  of  Metal  Dissolution  and  Pitting 

In  addition  to  the  above  comparison,  the  degree  of  metal  dissolution  and/or 
pitting  must  be  taken  into  consideration.  In  this  regard,  the  aluminum  alloys 
were  inferior  to  all  the  metals  tested.  In  the  case  of  AA1100  it  appears  that 
the  presence  of  COg  and  HgO  accelerated  the  corrosion.  Pitting  was  severe  in 
most  cases  except  in  the  case  where  the  B cleaning  procedure  was  used.  Although 
this  procedure  etches  the  surface  of  AA1100,  it  is  the  only  cleaning  procedure  • 
tested  which  prevented  pitting.  Similar  problems  of  metal  dissolution  and  pit- 
ting were  evident  with  AA6061-T6,  however,  none  of  the  cleaning  procedures  pre- 
vented this  type  of  attack  on  this  alloy. 

In  the  case  of  the  stainless  steels  of  both  the  martensitic  and  austenitic 
types,  there  was  no  evidence  of  metal  attack  and  metal  dissolution  was  minimal. 
There  was  a general  etching  of  the  metal  surfaces  when  the  B cleaning  procedure 
was  used.  Otherwise,  there  seemed  to  be  little  difference  in  the  use  of  IPA, 
Trichlor,  or  the  A cleaning  procedure.  In  general,  metal  dissolution  was  greater 
for  304L  SS  and  31 6L  SS  than  for  430  SS,  AM355  and  17-7PH. 

The  titanium  alloy  (T i 6A1 4V ) was  superior  to  all  the  alloys  tested  in  terms 
of  metal  dissolution.  However,  pitting  did  occur  in  four  tests  and  an  irregular 
linear  etching  in  two  other  tests.  It  was  not  possible  to  determine  a unifying 
factor  that  could  explain  this  phenomena. 
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In  summary,  the  metal  dissolution  and  pitting  were  severe  for  the  aluminum 
alloys,  low  for  the  stainless  steels,  and  with  the  exception  of  some  pitting, 
very  low  for  Ti6A14V.  The  B cleaning  procedure  eliminated  the  pitting  in  the 
case  of  AA1100,  but  caused  etching  in  all  other  cases. 


3.  Variations  in  i0  as  a Function  of  Accelerated  Time 

Variations  in  i0  as  a function  of  accelerated  time  can  be  used  as  a measure 
of  the  stability  of  protective  layers  at  the  metal -solution  interface.  A lack  of 
variability  indicates  a stable  situation.  A gradual  rise  in  i0  indicates  the  loss 
of  protection,  and  conversely  a lowering  of  io  as  a function  of  time  indicates  the 
formation  of  a protective  layer.  Large  reversals  in  the  values  of  i0  of  a cylic 
nature  indicates  a transition  state  where  a protective  layer  is  being  alternately 
formed  and  dissolved  (transpassive  behavior). 

The  aluminum  alloys  exhibited  level,  straight  line  plots  of  i0  versus  accel- 
erated time.  This  behavior  was  particularly  pronounced  in  the  case  of  AA6061-T6 
which  yielded  the  most  consistent  values  for  i0  of  all  the  alloys  tested. 

There  were  some  cyclic  reversals  in  i0  in  the  case  of  AM355,  17-7PH  and  430  SS 

but  they  were  only  pronounced  in  one  or  two  instances  for  the  longer  four  and  ten  • 
year  tests.  The  largest  effects  of  this  nature  were  observed  with  430  SS  and 
31 6L  SS  where  reversals  in  current  were  very  pronounced.  In  the  case  of  31 6L  SS, 
these  reversals  resulted  in  rising  values  of  io  as  a function  of  time. 

This  type  of  behavior  was  not  observed  in  the  case  of  304L  SS  where  there  the 

trend  for  i0  was  downward  in  most  cases  except  for  some  of  the  ten  year  tests. 

There  were  slightly  larger  fluctuations  in  i0  for  T i 6A1 4V  especially  for  the 
longer  tests,  but  they  were  not  nearly  as  pronounced  as  those  for  430  SS  and 
316L  SS. 

In  terms  of  these  variations  some  conclusions  can  be  drawn  about  the  long- 
term compatibility  of  these  metals.  For  AM355  there  are  minimal  fluctuations. 

It  was  also  observed  that  after  about  one  year  accelerated  time,  the  observed 
initial  rise  in  i0  is  reversed  indicating  self-passivation  for  this  alloy.  In 
the  case  of  17-7PH  and  to  a greater  extent  430  SS  and  316L  SS,  the  results  indi- 
cate unstable  surface  layers  and  thus  unreliable  behavior  in  terms  of  hydrazine 
decomposition.  This  effect  appears  to  be  independent  of  degree  of  metal  dissolu- 
tion or  contaminants.  The  304L  SS  alloy  indicates  only  slight  fluctuations  in  i0 
but  no  real  reversals  in  the  values  of  i0.  Apparently,  a stable  surface  layer  is 
formed.  The  Trichlor  and  Joy  cleaning  procedure  is  the  only  treatment  that  resulted 
in  a consistent  downward  trend  in  i0  as  a function  of  accelerated  time  for  304L  SS. 
The  results  for  the  titanium  alloy  are  less  clear  but  it  appears  that  the  A clean- 
ing procedure  results  in  lower  and  more  consistent  values  for  i0.  The  tests  in 
which  pitting  occurred  resulted  in  the  largest  fluctuations  in  i0.  Evidently 
T i 6A1 4V  does  not  form  its  own  passive  layer  in  contact  with  hydrazine,  and  it  is 
necessary  to  use  the  A cleaning  procedure  to  protect  the  surface. 
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4.  Statistical  Analysis 

The  data  analysis  based  on  the  Graeco-Latin  cube  design  (Tables  VII  and  VIII) 
indicates  a large  metal  effect  for  the  first  metal  group  (AA1100,  AA6061-T6,  AM355 
and  17-7PH).  This  effect  is  colored  by  the  fact  that  dissimilar  base  metal  alloys 
were  used  in  this  group.  When  the  effects  of  the  other  variables  are  considered, 
independently  of  the  metals,  it  is  found  that  the  impurities  CO2  and  H2O  have  a 
deleterious  effect  on  the  compatibility  as  does  the  B cleaning  procedure.  Time 
has  the  expected  effect  (larger  times  yield  greater  values  of  i0)  as  does  tempera- 
ture with  the  exception  of  the  results  at  50°F  which  result  in  a positive  effect 
on  i0. 


The  results  for  the  second  group  of  metals  indicate  a minimal  effect  on  i0 
for  304L  SS  followed  by  T i 6A1 4V , 430  SS  and  31 6L  SS  in  increasing  order.  The  B 
cleaning  procedure  as  well  as  IPA  and  detergent  yield  the  highest  values  of  i0  as 
does  H2O  and  Zn  as  impurities.  The  highest  temperature  (160°F)  and  the  longest 
time  (10.0  years)  yield  the  highest  values  of  i0,  as  expected. 

5.  Conclusions  and  Recommendations 

On  the  basis  of  the  experimental  and  statistical  results,  materials  and 
cleaning  procedures  must  be  selected  in  terms  of  all  the  parameters  studied. 

These  parameters  include  the  metals  themselves,  impurities,  metal  pretreatments, 
temperature  and  time.  The  response  to  these  parameters  must  include  both  hydra- 
zine decomposition  and  metal  dissolution.  Since  temperature  and  time  were  only 
significant  at  their  highest  levels  (i.e.,  160°F  and  10.0  years)  the  effects  of 
cleaning  procedures  and  impurities  become  more  significant.  In  general,  the 
concentrations  of  impurities  should  be  minimized,  however,  it  appears  that  CO2 
and  H2O  have  the  greatest  effect  on  hydrazine  decomposition  rates.  With  the 
impurity  levels  kept  to  a minimum,  the  major  factors  to  be  considered  are  the 
choice  of  metal  and  metal  pre.treatment  which  will  provide  the  best  balance  be- 
tween hydrazine  decomposition  rate  and  metal  dissolution  and/or  pitting. 

In  terms  of  low  hydrazine  decomposition  rates,  the  aluminum  alloys  should 
be  used.  AA6061-T6  is  recommended  because  of  its  constant  behavior  as  a func- 
tion of  time.  However,  the  metal  dissolution  and  pitting  problem  must  be  taken 
into  consideration.  In  the  case  of  AA1100,  it  appears  that  the  use  of  the  B 
cleaning  procedure  minimizes  cnis  problem.  However,  the  nature  and  causes  of 
aluminum  pitting  deserves  further  attention. 

In  order  to  minimize  problems  associated  with  metal  dissolution,  it  is  neces- 
sary to  use  either  stainless  steels  or  titanium  alloys.  Since  the  absolute  values 
for  i0  are  higher  for  those  alloys  than  aluminum  base  metals,  their  selection 
must  be  based  on  minimal  metal  dissolution  coupled  with  reasonably  stable  values 
of  i0  as  a function  of  accelerated  time.  31 6L  SS  and  430  SS  were  inferior  in 
this  respect.  This  effect  was  less  pronounced  for  17-7PH  and  AM355,  but  these 
alloys  exhibited  the  largest  average  values  for  i0.  Fluctuations  in  i0  were 
significant  for  17-7PH,  but  AM355  tends  to  form  a self-passivating  layer.  Where 
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alloys  of  the  martensitic  type  are  called  for,  it  appears  that  AM355  is  desirable 
in  spite  of  the  slightly  higher  hydrazine  decomposition  rates  associated  with  its 
use. 


Probably  the  best  compromise  between  decomposition  rate,  self-passivation 
and  metal  dissolution  can  be  achieved  through  the  use  of  304L  SS  and  Ti6A14V. 

In  the  case  of  304L  SS,  fluctuations  in  i0  as  a function  of  accelerated  time 
are  minimal  and  this  alloy  appears  to  spontaneously  form  a stable  surface  layer. 
Cleaning  with  Trichlor  and  detergent  is  sufficient  although  cleaning  procedure 
A for  300  series  stainless  steels  also  produces  a satisfactory  surface  layer. 
Ti6A14V  is  similar  to  304L  SS  in  its  compatibility  and  is  also  recommended  for 
use  in  spite  of  some  pitting  problems.  The  use  of  this  metal  is  not  recommended 
unless  the  A cleaning  procedure  for  titanium  base  alloys  is  used. 

In  general,  the  A cleaning  procedures  are  the  most  satisfactory  with  the 
exception  of  AA1100  where  the  B cleaning  prevented  pitting.  In  most  cases,  (with 
the  exception  of  T i 6A1 4V ) simple  solvent-detergent  degreasing  is  sufficient, 
however,  there  were  no  adverse  effects  noted  for  any  of  the  A cleaning  procedures. 
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APPENDIX  A 

DATA  REDUCTION  METHODS 


Model  for  Graeco-Latin  Cube 


The  model  for  this  design  is 


Yij(kl)m=^  + Ri  + cs  + Tk  + a1+bm 


5io(kl) 


m 


i 

i 

k 

1 

m 


1,2,3, 4 


where  Y-j -j ( kl  )m  is  the  response  (i.e.,  the  decomposition  of  the  hydrazine)  of  the 
specimen  in  the  i h row,  j column  with  the  k™  and  l^h  treatment  assignment  in 
the  mtn  layer.  y is  the  true  mean  response,  and  Rt,  Cj,  Tk,  R, , L are' the  true 
effects  associated  with  the  1 row,  jth  column,  with  the  k and  1 treatments  in 
the  nr"  layer.  In  addition  the  model  assumes  that 


4 4 

T,  R.  = F, 

i 


c. 

,1 


h 

£ 

1=1 


4 

£ 

m=3 


^ 85  0 


and  the  errors  e-jj(nl)m  are  independent  and  normally  distributed  with  mean  0 and 
variance  od. 


The  analysis  of  variance  (ANOVA)  for  this  model  is  shown  in  Table  A-I. 

The  calculations  needed  to  obtain  the  Sum  of  Squares  column  in  the  ANOVA  are 
as  follows: 

The  total  Sum  of  Squares,  £ 

y,Y  2 . 


0 / 11  4 if  ? \ 

"l  ^ ^ ^ Yij(kl)m  )/l|3 
V.j=.l  k=l  1=1  / 


i.e.,  the  measured  response  of  all  the  specimens  tested  are  squared  and  summed 
and  then  divided  by  the  total  number  of  degrees  of  freedom  (i.e.,  the  number  of 
specimens  used  to  form  the  cube,  4 x 4 x 4 = 64). 
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The  Sum  of  Squares  due  to  the  Heart.  Myy 

' / 4 4 1*  \ 2 

M = ( 2J  S £ Y , v 1 /k3 

i.e.,  the  grand  sum  of  the  measured  responses  of  all  the  tested  specimens  repre- 
sented by  the  matrix  elements  is  squared  and  divided  by  the  total  number  of 
degrees  of  freedom. 


The  Row  Sum  of  Squares.  Ryy  (temperatures) 


/ U U \ 

■ (s  r ^ W . v 

\ .5=1  m*l  / 


i.e.,  the  row  totals  are  squared  and  summed  and  then  divided  by  the  number  of 
rows  for  the  four  matrices,  and  are  corrected  for  mean  square  by  subtracting 


The  Column  Sum  of  Squares,  Cyy  (time) 


(t,Z  C 2 )/  1,2  . M 
\J-X  m-1  'im  / ^ 


i.e.,  the  column  totals  are  squared  and  summed  and  then  divided  by  the  number 
of  columns  for  the  four  matrices,  and  are  corrected  for  mean  square  by  sub- 
traction, Myy. 

The  Treatment  Sum  of  Squares,  Tyy  (Latin  Letters)  - Impurities 

. T = ( £ £ t,  2 ^ /k2  - m 

<vy  \ k=l  . km  / yy 


WE 


i.e.,  the  treatment  totals  (impurities)  are  squared  and  summed  and  then  divided 
by  the  number  of  treatments  for  the  four  matrices,  and  are  corrected  for  the 
mean  square  by  subtracting,  Myy. 

The  Treatment  Sum  of  Squares,  r,vv  (Greek  Letters)  - Pretreatment 


h h \ 

T.  Z O,2  1/1,2.  M 

1=1  m=l  lm  / y 
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i.e.,  the  treatment  totals  (metal  pretreatments)  are  squared  and  summed  and  .then 
divided  by  the  number  of  columns  for  the  four  matrices,  and  are  corrected  for 
mean  square  by  subtracting  Myy.- 


The  Layers  Sun  of  Squares,  Lyy  (materials) 


1/4  4 

l = s ( s ry 

W 1E=1  \ j=l  i=l 


Yy  j . / k - %y 


i.e.,  the  total  sum  of  observations  for  each  matrix  is  squared  and  summed  over 
the  four  matrices.  This  total  is  then  divided  by  4 and  corrected  for  mean  square 
by  subtracting  Myy* 

The  Experimental  Error  Sum  of  Squares,  Eyy 

Eyy  s Y “ *W  “ V " Cyy  " Tyy  “ Gyy  ' Lyy 

The  experimental  error  sum  of  squares  is  obtained  by  subtracting  the  sum  of 
squares  due  to  the  mean,  rows,  columns,  2 treatments  and  the  layers.  It  re- 
presents that  part  of  the  variation  that  is  not  accounted  for  by  the  treatment 
effects,  column  and  row  and  layer  effects.  Where  Eyy  is  divided  by  4 3 we  obtain 
an  estimate  for  a2,  the  experimental  error.  With  tnis,  one  can  perform  the  neces' 
sary  statistical  tests  to  determine  whether  or  not  the  treatment  effects  are 
significant. 

Table  A-I  illustrates  the  format  for  the  statistical  analysis  where  the  mean 
square  for  each  variable  and  the' residual  (error)  are  calculated  from  the  sum  of 
squares.  The  ratio  of  the  response  of  each  variable  to  the  residual  is  the  F 
ratio  which  is  a measure  of  the  relative  effect  of  each  variable  to  the  response, 
in  this  case,  i0. 
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TABLE  A- I 

ANOVA-GRAECO-LATIN  CUBE 
(one  observation  per  experimental  unit) 


Source 

of 

Variation 


MEAN 

ROUS 

(Temperature) 

COLUMNS 

(Time) 

LATIN  LETTERS- — 
(Impurities) 

GREEK  LETTERS— - 
(Metal  Pretreat) 

LAYERS- — 
(Materials) 


Degrees 

of 

Freedom 


1 

3 


Sum  of 
Squares 


M 


■yy 

Ryy 

cyy 

Tyy 

Gyy 

Lyy 

Ey.v 


Mean 

Square 


M = Myy/1 
R = Ryy/ 3 


C - Cyy/ 3 


T - Tyy/3 


G - V3 


L = Lyy/3 


E = Eyy/48 


F-Ratio 


R/E 

C/E 

T/E 

R/E 

L/E 


ERRORS 


48 
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APPENDIX  B 

METAL  PRETREATMENT  PROCEDURES 
Titanium  A 


Step 

Solution 

Temp  (°F) 

Time  (minutes) 

1. 

Degrease  with  Isopropyl 
Alcohol  (IPA) 

Ambient 

5-10  sonic 

'2. 

Rinse  with  H20  distilled 
sonic  (performed  twice) 

Ambient 

Until  pH  within  0.2  of 
source 

3. 

Alkaline  Oakite,  3%  by 
vol ume 

170  + 10 

5-10 

4. 

Repeat  Step  (2.) 

5. 

Acid  HNO3,  45%  by  volume 

75  + 10 

20-30 

6. 

•Rinse  H20  distilled 

Ambient 

7. 

Repeat  Step  (2.) 

8. 

Detergent  Cleaning, 

1%  solution  by  volume 

170+20 

5-10 

9. 

Repeat  Step  (2.) 

10. 

Final  Rinse  - H20, 
deionized 

Ambient 

As  necessary  to  achieve 
desired  particulate  level 

11. 

Dry  - Purge  N2 

Ambient 

12. 

Dry-vacuum 

120  + 10 

60 

13. 

Dry-vacuum 

Ambient 
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. 300  Steel  - A 
300  Series  SS  (304L,  31 6L) 


Step  Solution  Temp  (°F)  Time  (minutes) 


1. 

Degrease  Isopropyl 
Alcohol  (I PA) 

Ambient 

5-10  Sonic,  30-F0  Hand 
Agitate 

2. 

Rinse  - H2O,  distilled. 
Sonic  (performed  twice) 

Ambient 

Until  pH  within  0.2  of 
source 

3. 

Alkaline  Oakite,  3%  by 
volume 

170  + 10 

5-10 

4. 

Repeat  Step  (2.) 

5. 

Acid  HH03,  10%  by 
vol ume 

75  + 10 

10-15  ' 

6. 

Rinse  H2O  distilled 

Ambient 

7. 

Repeat  Step  (2.) 

8. 

Detergent  Clean, 

1%  solution  by  volume 

170  + 20 

5-10 

9. 

Repeat  Step  (2.) 

10. 

Final  Rinse  - IPA 

Ambient 

As  necessary  to  achieve 
desired  particulate  level 

11. 

Dry-Purge 

Ambient 

Filtered-dew  point  must 
be  drier  than  internal 
source 

12. 

Dry-vacuum 

120  + 10 

1.0 

13. 

Dry-vacuum 

Ambient 

" '$ 
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400  Steel  - A 


Precip.  Hard  SS  + 400  Series  SS 
(17-7PH,  AM355,  430) 


Step 

Solution 

Temp  (°F) 

Time  (minutes) 

1. 

Degrease  Isopropyl 
Alcohol  (IPA) 

Ambient 

5-10  Sonic,  30-60  Hand 
Agitate 

.2. 

Rinse  - H2O,  distilled, 
sonic  (performed  twice) 

Ambient 

Until  pH  within  0.2  of 
source 

3. 

Alkaline  Oakite,  3% 
by  volume 

170  + 10 

5-10 

4. 

Repeat  Step  (2.) 

5. 

21%  HNO3  + 22  Grams/ liter 
Sodium  Di chromate 

75  + 15 

10-15 

6. 

Rinse  H2O  distilled 

Ambient 

7. 

Repeat  Step  (2.) 

8. 

Detergent  Clean,  1% 
solution  by  volume 

170  + 20 

5-10 

9. 

Repeat  Step  (2.) 

10. 

Final  Rinse  IPA 

Ambient 

As  necessary  to  achieve 
desired  particulate  level 

n. 

Dry-Purge  N2 

Ambient 

Filtered-dew  point  must 
be  dried  than  internal 
source 

12. 

Dry-vacuum 

120  + 10 

1.0 

13. 

Dry-vacuum 

Ambient 
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Aluminum  - A 


Step 

Solution 

Temp  (°F) 

Time  (minutes) 

1. 

Degrease  Isopropyl 
Alcohol  (I PA) 

Ambient 

5-10  Sonic 

2. 

Rinse  - H?0  distilled, 
sonic  (performed  twice) 

Ambient 

Until  pH  within  0.2  of 
source 

3. 

Alkaline  Oakite,  3% 
by  volume 

150  + 10 

10-15 

4. 

Repeat  Step  (2.) 

5. 

Detergent  clean,  1 9%. 
solution  by  volume 

70  + 20 

5-10 

6. 

Repeat  Step  (2.) 

7. 

Final  Rinse  - IPA 

Ambient 

As  necessary  to  achieve 
desired  particulate  level 

8. 

Dry-Purge  M2 

Ambient 

Kiltered--dew  point  must  be 
drier  than  internal  source 

9. 

Dry-vacuum 

120  + 10 

1.0 

10. 

Dry-vacuum 

Ambient 

Aluminum  - B 

1. 

Degrease 

2. 

5 oz/gal 

180-200 

1-3 

3. 

Rinse  disl.  H2O 

4. 

1%  HF,  1%  HN03-H20 

Rm  Temp 

1 

5. 

Rinse  distilled  l-^O 

6. 

Dry 
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Titanium  - B 


Step 

Solution 

Temp  (°F) 

Time  (minutes) 

1. 

Abrasive  clean  (Ajax, 
Babo)  (Scrub  by  hand) 

Ambient 

2. 

Rinse  - deionized 

h2o 

Ambient 

Unit!  pH  within  0.2  of 
source 

3. 

Picklinq: 

HN03  - 20% 
HF  - 5% 
Balance,  H20 

Ambient 

15-30  seconds 

4. 

Rinse  - deionized  H20 

Ambient 

Until  pH  within  0.2  of 
source 

5. 

Anodic  Etch 
Glacial  acetic 
acid  - 87.5% 

HF  - 12.5% 

20  ma/crn^ 

Ambient 

30 

6. 

Final  Rinse  - deionized 

h2o 

Ambient 

Until  pH  within  0.2  of 
source 

7. 

Dry-Purge  fl2 

Ambient 

ft  •'!  *r;  ' -vf. 


ismiDitmik 


-War-i  ^jary-TBii'-T 
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Stainless  Steel  - B 
Series  300  and  400 


Solution 


Temp  (°F) 


Time  (minutes) 


Degrease 
NaOH,  25  g/1 

Na3P0*,  25  g/1 
NajjSiOg,  5 g/1 

70-90°C 

10-30 

Rinse  - deionized 

Ambient 

Until  pH  within  0.2  of 

h2o 

source 

Pickling: 

HC1  - 25% 
HN03  - 5% 
Inhibitor  - 0.5% 

60-70°C 

10-20 

Balance  - H/>0 

Final  Rinse  - deionized 

Ambient 

Until  pH  within  0.2  of 

h2o 

source 

Dry-Purge  N2 

Ambient 

■^V  > \*S*?'  t --£>>  Hv, *V&3W< 


AFRPL-TR-76-33 


APPENDIX  C 
LIST  OF  EQUIPMENT 


I.  Electronic  Apparatus 

a)  Potentiostat-Galvanostat,  PAR  Model  173  or  Equivalent 

b)  Logarithmic  Current  Converter  (Either  PAR  Model  376,  Hewlett- 
Packard  Model  7562A  or  Equivalent) 

c)  X-Y  Recorder,  Mosley  Model  135  AM  or  Equivalent 

d)  Automatic  Baseline  Advance,  Elscint  Model  ABA-26  or  Equivalent 

e)  Power  Supplies  - Kepco  Model  PC-2  (Constant  Current)  (100v-200  ma 
max.)  or  Electronic  Measurements  Model  C612  (300v-100  ma  max.)  or 
Equivalent 

II.  Constant  Temperature  Apparatus 

a)  Heating  and  Control  - Precision  Scientific  Porta-Temp  or  Equivalent 

b)  Cooling  and  Control  - Precision  Scientific  Porta-Cool  or  Equivalent 
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TABLE  III 

COMPARISON  OP  UTRC 
AND  LITERATURE  DATA 

(mg/cm2/yr) 


Material 


UTRC 

Temperature  Time  Gas  Evolution  JPL  JPL 

Years)  (Ref  13)  (Ref  l4)  (Ref  1 


I 

\ AM355 

I AM355 

120 

140 

11.29 

— 

| AAllOO 

140 

.0082 

1.17 

-- 

j 3o4l  ss 

110 

1.98 

— 

.847 

3o4l  ss 

110 

2.15 

— 

.780  * 

1 Ti6Al4v 

110 

2.44 

1.42 

| tl6ai4v 

110 

3.58 

-- 

.883 

| Ti6Al4v 

110 

4.18 

... 

1.31 

AA6o6i-t6 

80-90 

.082 

-- 

- - 

I . AA6o61-t6 

no 

.082 

- ~ 

| AA6061-T6 

1 . 

no 

3.18 

.422 

*Was  in  test  nine  (9)  days  before  first 

scan  (i  ) 

was  taken 
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Rows  - Temperatures 


Columns  - Times 


Latin  Letters 


TABLE  IV 


GRAECO- LATIN  CUBE 


(Test  Conditions) 


Rl  = 50° 

R2  = 80° 

R3  = 110° 

R4  a l60° 

T^  = 6 months 
Tg  3 1 year 
T3  = 4 years 
T4  = 10  years 

A = C02 
8 = Cl 
C a HgO 
D a Zn 


Greek  Letters  - Metal  Eretreatments 


a = IPA  + Detergent 
(3  = Trichlor  + Detergent 


Layers  - Materials  (Group  I) 


AA1100 

AA6061-T6 


Layers  - Materials  (Group  II ) 


W 


Test  Fo.  6 was  inadvertently  run  at  50°F  instead  of  80°F 


METAL  DISSOLUTION  IN  HYDRAZINE 
(AAllOO) 


.,5..4'V  **# 


. ...  _ . -TTruw("i*  kwzb 

‘ y -t  >4\ 
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TABLE  VIII 

GRAECO-LATIN  CUBE 
ESTIMATE  OF  EFFECTS 


Revs 

Temperatures 

. __m 

Response 

(io*) 

Columns  • 

Time 

(Years) 

Response 

(io*) 

A 

\ 

50 

-o.o4o6 

A 

ci 

0.5 

-0.0594 

A 

R2. 

80 

-0.0053 

A 

°2 

1.0 

+0.0200 

A 

*3 

no 

-0.0094 

A 

°3 

4.0 

-0.0094 

A 

R4 

160 

+0.0682 

A 

c4 

10.0 

+0.0620 

Latin 

Impurities 

Response 

(io*) 

Greek 

Response 

Bretreatments  (io*) 

A 

A 

C°2 

-0.0834 

A 

a 

IPA  and  Joy 

+0.0841 

A 

B 

Cl 

-0.0025 

A 

p 

Trichlor  and  Joy  -0.0084 

A 

C 

H2° 

+0.0544 

A 

Y 

A 

-0.0744 

A 

D 

Zn 

+0.0444 

A 

6 

B 

+0.0172 

Layers 

Metals 

Response 

. .g°*? 

A 

L5 

430  SS 

+0.0181 

A 

l6 

316l  SS 

+0.o4o6 

A 

L7 

3o4l  SS 

-0.0484 

A 

L8 

Ti6Al4v 

-0.0100 

*Each  value  refers  to  i in  ma/cm  x 1CT^ 
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TABLE  IX 

AVERAGE  DECOMPOSITION  RATES 

Average  iD 

Average  Decomposition  Rate 

METAL 

(ma/cm2)xlo3 

(mg/cm2/year) 

AA6061-T6 

0.074 

0.193 

AA1100 

0.118 

0.308 
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HYDRAZINE  COMPATIBILITY  TEST  CELL 

(CROSS  SECTION) 


FIG.  3A 


KEY 

A - GLASS  REFERENCE  ELECTRODE 

8 - TEFLON  ELECTRODE  HOLDERS  WITH  O-RING  SEALS 

C - TEFLON  HOLDER  FOR  TEST  SPECIMEN  (WORKING  ELECTRODE) 

D - TEST  SPECIMEN 

E - LUGGEN  PROBE  (IR-FREE  CONNECTOR  TO  REFERENCE  ELECTRODE) 
F - LEAD  TO  TEST  SPECIMEN 
G - GAS  EXIT 


N08-SS-1 


ALL  DIMENSIONS  IN  INCHES 


THREADED  TEFLON 


L DIMENSIONS  IN  INCHES 


ELECTROCHEMICAL  CORROSION  TESTING  APPARATUS 


sSsHasflaaa 


) AS  A FUNCTION  OF  ACCELERATED  TIME 


TEMPERATURE  TEMPERATURE 


AFRPL— TR-76— 33 


FIG.  7 


GRAECO— LATIN  CUBE 

FINAL  i0(ma/cm2)x  10-3 


MATERIAL  1 MATERIAL  2 

AA1100  AA6061-T6 

. TIME  TIME 


Tl 

t2 

T3 

U 

Tl 

t2 

t3 

T4 

Dfl 

A0 

B* 

c 7 

C7 

Da 

A0 

R1 

0.125 

0.150 

0.090 

0.110 

R1 

0.075 

0.065 

0.075 

0.075 

C/J 

Ba 

A y 

Ds 

LU 

A 'y 

H 

8 a 

r2 

0.110 

0.115 

0.165 

0.102 

§ r2 

0.070 

0.075 

0.095 

0.060 

1- 

< 

B? 

°P 

A« 

cc 

LU 

CL 

°(S 

A« 

B y 

c6 

r3 

0.115 

0.125 

0.215 

0.040 

2 Ro 

LU  0 

0.075 

0.075 

0.080 

0,070 

i- 

A5 

°7 

B/J 

C« 

B0 

a6 

D 

R4 

0.110 

0.115 

0.110 

0.093 

R4 

0.075 

0.070 

0.075 

0 075 

MATERIAL  3 

MATERIAL  4 

AM355 

17-7PH 

TIME 

TIME 

Tl  ^2  T3  T4  T^  T2  T3  T4 


AP 

VO 
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